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FOREWORD 


This  Hna'  engineering  report  w,  <  prepared  by  The  Martin  Company 
(Baltimore)  In  fulfillment  of  Supplemental  Agreement  No.  4(61-425)  to 
United  States  Air  Force  Contract  No.  AF33(616)-6040.  Taalt  No  50824, 
which  was  administered  bv  the  Guidance  Laboratory  at  the  Wright  Air 
Development  Divisicn. 


AIISTRACT 


A 

A  self-contained  guidance  and  control  sya'em  for  a  hypotlieticai, 
unmanned  one-ycar  n'.lasion  in  aiiace  is  presentetl.  System  operation 
is  based  on  the' use  of  altitude  mcasurementa  to  define  the  in-plaue 
orbit  parameters  and  preselected  star  occaltallon  ■.Imt:  measurements 
to  define  the  orbit  plane  orientation  parameters.  Overall, system  jp- 
cration-is  presented  and  system  errors  are  evaluated,  using  an  IBM 
7090  computer  pr.oijram, 

.A  detailed  description  of  each  of  the  subsystems  it  given  and  the 
reliability  of  those  ay.stcms  is  predicted  for  the  one-year  mission, 
using  component  failure  rate  data.  From  t'lls  study,  it, is  shown  that 
the. system  could  he  instnimentcd  using  ^,ta^e•o^•thc•arl  naruware. 
preliminary  missions  analysis  indlcnt’  o  that  the  system  would  have 
eonsidvrahle  utility  in  iiiunii»d  satellite  missions  renutring  exit  from 
orliit  and  rer.dexvou„  witii  eartii-ha.-ed  target. points. 
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SYMBOLS  ^ 

•  Peak'power  traR*mUted,  watti 

>  Prak  power  received,  wattf 

•  Kadiua  of  eartli,  metrra 

>  Altitude  of  aatelllte,  naut  ml 

■  'Duration  (widtti)  of  tranamitted  pulac,  aec 

•  Pulse  repetition  frequency,  pps 

»  Duty  cycle,  ratio 

•  Noise  figure 

•  Antenna  gain  over  isotropic,  db 

■  Kecelver  bandwidth,  cpt 

•  Wave  length,  cm 

a  Propagation  and  degradation  losiev,  db 

•  Signal-td-noisc  ratio 

•  Time  constant,  seconds 

•  Angle  of  incidence  ffrom  vertical),  degree 
a  Radar  cross  section,  per  unit  area 


a  Effective  area,  meters 
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SUMMAKY 


The  findings  of  this  final  Engineering  Report  may  be  summarized 
within  tue  framework  of  three  major  areas  of  preliminary  system 
Orsign.  which  have  been  analyzed  as  follows: 

Feasibility 

A  self-contained  guidance  and  control  system  (of  the  type  considered 
in  this  report  is  feasible  using  hardware  which  is  well  within  the  state 
of  the  art  of  present  hardware  design.  In  considering  the  various  sub¬ 
systems  which  make  up  the  guidance  and  control  system,  onlv  a  few  of 
the  compunenis  can  presently  be  purchased  as  "on-the-shelr  items. 
Huwe\er.  it  is  apparent  that  equipment  which  cannot  be  purchased  readily 
does  nut  represent  design  problems  requiring  major  advances  in  the 
present  art  uf  equipment  design.  The  computer,  for  example  (though 
nonexistent;,  is  a  deri\ati\e  of  a  cuiicntiy  available  computer  and  has 
already  been  partially  designed. 

i^erformance 

System  accuracy,  based  largely  on  an  IBM  7000  program,  has  been 
estimated.  The  mathematical  model  for  this  program  has  assumed  a 
spherical  nonrota*ing  earth  and  a  fixed  error  due  to  the  fact  that  the 
occulting  surface  (earth  plus  the  atmosphere)  is  not  circular.  In  addi¬ 
tion,  this  fixed  error  has  ignored  statistical  fluctuations  in  the  atmos¬ 
phere  at  the  time  of  measurement  of  occultation.  This  fixed  error  is 
believed  to  be  a  reasonable  value  hoviever,  and  it  is  not  felt  that  the 
overall  system  error  would  change  appreciably  by  a  more  sophisticated 
approach  to  this  problem. 

In  summary,  it  seems  reasonable  to  conclude  that  the  overall  sys¬ 
tem  accuracy  would  yield  future  predicted  position  accuracies  of  one  nau- 
ui.u  miie  if  u*e  urbUal  elements  aie  averaged  over  toveral  orbit  passes. 
I'erturbations  on  the  orbit,  due  to  earth  model  uncertainties,  are  not 
included  in  tb.s  estimate  of  system  accuracy. 

Reliability 

The  overall  system  reliability  has  been  found  to  be  so  low  that  a 
one-year  mission  (of  the  type  considered  throughout  Ihls  report)  is 
impractical.  The  pimcipal  problem  arises  from  the  fact  that  the  atti¬ 
tude  control  system  must  be  on  continuously  during  an  unmanned  mis¬ 
sion,  hence,  the  attitude  sensors  and  the  thrust  nozzles  which  torque 
the  vehicle  are  continuously  in  operation.  From  the  failure  rate  data 
that  has  been  made  available,  these  devices  simply  will  not  operate  fo.- 
one  year  m  the  system  design  considered  here.  Redundancy  has  been 
explored  or*y  briefly  for  two  basic  reasons: 


X 


(1)  It  is  felt  that  the  mission  used  throughout  the  report  to 
evaluate  the  system  cannot  be  considered  realistic;  however, 
the  system  (in  its  present  configuration)  could  be  used  on 
alternate  manned  missions  with  success.  These  alternate 
manned  missions  would  result  in  greatly  enhanced  reliability, 
since  most  of  the  subsystems  could  be  turned  off  until  they 
are  needed.  For  these  manned  miscions,  reliability  (even 
for  extended  periods  of  operation  in  space)  would  not  be  a 
severe  problem. 

(2)  Simplicity  in  design  has  been  adhered  to  wherever  possible 
in  the  present  system,  it  is  felt  thai  this  approach  is  one 
way  of  achieving  a  relniblc  system  design. 
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i  1.  INTRODUCTION 


This  document  is  the  final  report  in  a  series  of  engineering  studies 
conducted  at  The  Martin  Company  under  the  provisions  of  Contract 
AF  33(616)-6040.  In  general,  these  engineering  studies  have  been  con¬ 
cerned  with  an  evaluation  of  possible  unmanned  satellite  guidance  and 
control  techniques. 

Work  previously  completed  under  the  contract  has  considered,  in  de¬ 
tail,  the  various  alternatives  in  devising  a  guidance  and  control  system 
for  orbiting  vehicles.  This  work  has  included  the  analysis  of  guidance 
and  control  laws  based  on  all  known  techniques  within  the  two  broad 
categories  of  guidance  and  control  systems,  i.e.,  the  system  must  either 
be  self  contained  or  it  must  include  ground-based  elements  in  the  guidance 
and  control  loops.  There  are  many  obvious  advantages  to  a  completely 
self-co.strined  guidance  and  control  system  for  most  satellite  missions, 
and  late  in  I960  it  was  decided  to  pursue  this  course  in  developing  the 
guidance  and  control  concept. 

In  order  to  study  a  self-contained  guidance  and  control  system  it 
wa  necessary  to  establish  a  mission  for  the  orbiting  vehicle  and  the 
associated  subsystems.  This  hypothetical  mission  then  establishes  an 
accuracy  and  mission  time  basis  for  studying  the  system.  The  mission 
geometry  selected  is  shown  in  Fig.  I-l,  There  are  four  orbit  planes, 
each  containing  four  satellites,  with  the  orbit  planes  symmetrically  located 
with  respect  to  the  earth.  The  proposed  inclination  of  the  orbit  planes 
IS  54,736  degrees,  and  the  orbits  are  near  circular  at  an  altitude  of 
approximately  5600  naut  mi.  This  arrangement  permits  simultaneous 
viewing  from  the  earth  of  at  least  three  of  the  satellites  at  any  given 
time.  Such  a  system  would  have  utility,  for  example,  as  a  navigational 
aid,  and  for  present  purposes  of  study  only,  this  has  been  assumed  to  be 
the  mission  for  the  system  of  orbiting  vehicles.  This  mission  requires 
relatively  severe  guldanc'  .and  control  system  accuracies,  and  the 
mission  time,  here  assumed  to  be  one  year,  places  a  substantial  em¬ 
phasis  on  system  reliability  in  a  completely  automatic  system.  This 
hypothetical  mission  should  not  be  constru^  as  the  principal  recom¬ 
mended  usage  for  the  system. 

The  self-contained  guidance  concept  is  formulated  about  two  prin¬ 
ciple  aensing  devices: 

(1)  Celestial  sightings  which  are  Interpreted  by  the  system  as 
time  measurements  when  certain  preselected  stars  are 
occulted  by  the  eaidh, 

(2)  Conventional  electromagnetic  ranging  techniques  which  are 
interpreted  by  the  system  as  radial  distance  measurements 
at  preselected  points  in  time. 
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A  combination  of  the  data  from  (1)  and  (2)  above  enables  a  direct 
solution  for  the  trajectory  of  the  vehicle  in  terms  of  the  orbital  ele¬ 
ments.  As  used  here,  these  elements  include  the  period  of  the  orbit, 
the  eccentricity,  the  magnitude  and  orientation  of  the  semimajor  axis, 
the  argumeiii  of  perigee  and  the  longitude  of  the  ascending  node.  Once 
this  information  is  available  aboard  the  vehicle,  comparisons  can  be 
made  with  preselected  orbit  parameters.  The  error  signals  which  re¬ 
sult  from  these  comparisons  are  uaed  to  force  the  vehicle  to  fly  a  pre¬ 
selected  course.  Ideally  the  preselected  course  is  a  circular  orbit  in 
the  pattern  shown  in  Fig,  1-1. 

It  should  be  noted  that  the  assumed  mission  implies  numerous  prob¬ 
lem  areas  which  are  not  directly  associated  with  the  guidance  and  con¬ 
trol  problem.  As  an  example,  the  data  link  between  the  orbiting  vehicle 
and  surface-based  craft  would  be  an  important  consideration  in  the  de¬ 
sign  of  an  orbiting  navigational  aid  system.  Such  problems  are  beyond 
the  scope  of  this  final  engineering  study,  and  emphasis  has  been  placed 
solely  on  the  guidance  and  control  problem.  In  particular,  it  is  desir¬ 
able  that  the  degree  of  hardware  feasibility  of  the  self-contained  guid¬ 
ance  and  control  aystem  be  established. 
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II.  SYSTEM  REQUIREMENTS 


The  lequlrementa  for  the  total  syatem  are  apecified  with  reference 
to  the  hypothetical  miation  of  one  year  duration  in  a  circular  orbit  of 
approximately  S600-naut  mi  altitude.  During  thia  period,  all  aubaya- 
tema  aboard  the  vehicle  muat  operate  automatically  for  aelected  inter- 
vala  of  time  from  a  programme  aequence  of  eventa. 

In  addition  to  Ihoae  requiremanta  noted  in  Table  11-1,  the  general  re¬ 
quirement  exiata  for  the  ayatem  to  operate  in  a  apace  environment  ap¬ 
proximately  6000  naut  ml  above  the  earth  for  the  one-year  period  of  the 
mijaion.  It  ia  poaaible  to  apeculate  at  great  length  on  poaalble  prob- 
lema  introduced  by  the  phenomena  of  charged  particle  radiation  in  auch 
an  environment.  However,  in  view  of  the  relatively  meager  amount  of 
information  available,  it  would  aeem  preaumptuoua  to  attempt  to  aaaeaa 
the  long  term  effecta  of  auch  radiation  at  thia  time. 
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TABLE  n-1 
Syittem  Requirements 


'SubBVitem 

Period  of  ODeratlon 

Performance  Requlrementa 

Comment!' 

1.  r.»dar 
aUtmtttr 

Intermittent  operation 
for  a  small  portion  of 
each  orbit  period, ,  Total 
operation  time  ia  approxi* 
irately  300  hr. 

Must  measure  altlbide  in  the 
ranft  of  SOOO  to  CSOO  naut  mi. 
.Accuracy  requlrementa  are' 
xt.P  mils' 

Accuracy  expected  to 
deteriorate  with  time.  . 

If  accuracy  ia  degraded 
as  much  as  i2.0  miles, 
tr.en  radsr  does  not  im- 
pro\e  overall  orbit  pre¬ 
diction,  based  on  occul- 
tatior.  technique  alone. 

2.  IR  axstt-n 

Continuous  operation 
for  0"e'year. 

Must  provide  error  slgnsls 
for  torqulnf  vehicle  to  local 
vertical  in  pitch  and  roll. 
Accuracy  requirement  ia 
iC.l*. 

Variable  field  of  view. re* 
qulred  in  optical  system. 

Accuracy  expected  to 
deteriorate  with  time. 
.Maximum  error  after 
one-year  operation  Is 
to  be  no  greater  than 
l.O'. 

3«  Computvr 

On  continuously,  but 
computtn<  only  a  small 
fraction  of  the  time. 

Storsfe  of  preselected  star 
poaltlona;  dtsital  compulation 
of  orbital  elements  from 
altitude,  occultatlon  (time) 
inputs.  Computation  of  ve¬ 
hicle  attitude  coiiectinx 
maneuvers.  Initiation  of 
various  on*off  functions. 

Some  deterioration  of 
accuracy  with  time  ex¬ 
pected.  Sot  expected  to 
cause  total  mlasion 
failure  from  standpoint 
of  accuracy  degradation. 

4.  Ho««r 

Continuous  operation 
for  one  year  but  peak 
loading  only  «hen  radar 

IS  on,  t.e.,  a  small  frae* 
tion  of  each  day. 

Ceuktinuous  Intermittent 

’wa'fts  255  V/nSmin 

* 

95  w/:  -in 

♦ 

k5  w/1.5  min 

$5  wfO.&min 

Nonoriented  silicon  solar 
cell  system  and  radio¬ 
isotope  syrtem  consid¬ 
ered.  Solar  cell  system 
attractive  from  weight 
standpoint.  Radioisotope 
syaiem  attractUe  from 
reliability  standpoint. 

5  «/3.0  min 

5.  Jr.ffMJt 
rff«r*rKt« 
occultAtion 
trfafurTtr.Tnt 

•yBtfm 

Cofttin-ws  for  ore  year 
period. 

Au*onati?  acqilrttton  ard 
trackUig  of  preselected  stars 
irurt  be  provided.  Extreme 
precision  required  in  ocrul* 
tation  time  measurement. 

Scrno  performance  ex¬ 
pected  to  deteriorate 
with  time  but  not  con¬ 
sidered  a  major  prob¬ 
lem  eicept  from  rtll- 
ability  standpoint. 

€.  t'ropuUion 

a.  Orbit 
ir.jrrilon 

bntey  info  i>arkln|  orbit 
and  I'nal  orbit  only. 

AV  rcq’iiiementa  up  to 

1000  fps. 

Engine  is  cast  off  after 
injection  into  the  final 
orbit. 

b.  Attitude 
control  and 
alabUlsatlon 

Limit  cycle 
cont  inuous 

Maintain 
attitude  control 
to  1/2%. 

Total  of  12  luw  level 
thrust  nosctcs  to 
provide  attitude  control 
and  atabillsatlon. 

c.  Orbit  kttpinf  Operation  only 
■yattm  for  a  small 

fraction  of 
each  day. 

Suit  position  errors 
tu  within  1.0  naat  ml 
with  respect  to  a 
prciranuned  orbit. 

Six  et^lnea  and  three 
rate  gyros.  Not  con¬ 
sidered  a  reilablUty 
problem  due  to  Infrt- 

qjtnt  usr. 
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m.  -  RECOMMENOEP  SYSTEM 


The  recommended  guidanceiand  control  system  ie  based  bn  the 
concept  of'Using  a  comblnation;bf  radial  distance  measurementa'and , 
preselected  star  occultation  times, to  define  the  elements  of.the  orbit; 
These  data  are  measured  aboard  the  vehicle  so  that  the  system  is- 
complately  self  contained'.  The.uaual  problems  of  a  ground-biased 
fuldimce  concept  are  thus  completely  eliminated  and  it  should  be  pos¬ 
sible  to  reduce  the. costs  and  location  problems  of  a  ground-based 
tracking  system.  Some  tracking  from  the  earth ‘will  be  required  early 
in  the  period  immediately.  followlng.launch,..bttt  oiics  in  the  final  orbit 
no  tracking  is  required  by  the  airborne  system  for  guidance  and  control 
purposes. 

A.  SELF-CONTAINED  GUIDANCE  AND  CONTROL 

In  terms  of  hardware,  the  self-coiiiuined  guidance  and  control  sys¬ 
tem  consists  of  the  following: 

1 ■  Sensors 

a.  Pulse  radar  altimeter 

A  pulse  radar  altimeter,  for  measuring  the  distance  from  the 
satellite  to  the  surface  of  the  e.arth.  The  radar  is  programmed  to 
operate  only  over  sea  level  water  surfaces. 

b.  Tracking  telescopes 

A  system  of  five  tracking  telescopes  wliich  provide  a  yaw  error 
orientation  signal  and  tlic  times  of  orniiltation  of  certain  preselected 
stars. 


c.  IR  system 

An  IR  (infrared)  system  of  four  separate  detectors  which  tracks  the 
local  earth  vertical  and  provides  pitch  and  roll  error  signals  used  in 
the  attitude  control  and  stabilization  system. 

d.  Rat.  gyros 

A  system  of  three  rate  gyros,  used  in  tlie  orbit  keeping  system. 
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2,-  Support  Ingtrumentatlon 

The  support  instrumematian, includes  a  general  purpose  digital 
computer;  a  basic  electrical  power  system,  an  accurate  time  reference 
and'programmer  and  servo  systems  asrociatcd.with  the  propulsion 
system  and  star  trackers. 


B.  SYSTEM  OPERATION 

The  star  tracking  system. is  aliped  prior  to  launch  so  that  the 
preselected  celestial  references  will  lay,  approximately  within  the 
field  of  view  of  the  tracking  telescopes  at  the  termination  of  the  boost 
period.  The  payload  is  nearly  in  a  horizontal  position  relative  to  the 
earth  at  boost  termination.  Also,  the  guidance  system  accuracies  are 
not  expected  to  be  so  large  that  the'^traeking  telescopes  will  not  be  able 
to  acquire  the  preselected  stars.  The  attitude  reference  system  in  the 
boost  vehicle  can  be  used  as  a  source  of  information  to  u|date  the 
tracking  telescope  platform,  and  if  necessary,  a  search  mode  can  be 
built  into  the  tracking  telescopes  for  initial  acquisition  of  the  preselect¬ 
ed  stars.  Since  the  basic  electrical  power  comes  from  a  silicon  solar 
cell  system,  the  launch  is  timed  so  that  the  vehicle  is  in  sunlight  at 
the  termination  of  upper  stage  boost, 

1.  Upper  Stage  Guidance  Termination 

Just  prior  to  separation  from  the  boost  vehicle,  the  power  system, 
the  computer,  the  IR  svstem  and  attitude  control  system  in  the  payload 
vehicle  are  turned  on  (with  attitude  correction  signals  being  generated 
but  not  used  until  separation  occurs).  At  the  same  time,  protective 
coverings  over  the  IR  system,  the  radar  altimeter  antenna,  the  star 
tracking  system  and  the  solar  cell  area  of  the  power  system  are  cast 
off.  A  timing  signal  in  the  boost  vehicle  then  generates  a  "time-to-go" 
signal  which  is  used  in  the  payload  vehicle  to  fire  the  main  engine 
(which  will  place  the  vehicle  in  tlie  parking  orbit).  Separation  of  the 
boost  and  payload  vehicles  is  executed  and  the  attitude  control  system 
error  signals,  which  have  not  been  used  to  this  point  in  time, 
now  begin  to  operate  the  thrust  nozzles.  This  action  will  prevent  loss 
of  orientation  which  might  occur  as  a  result  of  the  separation  process. 
The  IR  system  is  fixed  in  the  vehicle,  as  is  the  radar  antenna,  so  that 
the  pitch  and  roll  error  signals  now  command  the  attitude  (pitch  and 
roll)  control  system  to  erect  the  vehicle  to  the  local  vertical.  The  yaw 
error  signals  from  the  star  trackers  are  used  to  maintain  the  boost 
guidance  azimuth  direction  so  that  the  vehicle  arrives  at  apogee  of  the 
transfer  ellipse  with  the  vehicle  erected  to  (he  local  vertical  (the  pitch 
and  roll  axes  are  perpendicular  to  the  local  vertical)  as  defined  by  the 
IR  system.  The  azimuthal  direction  of  the  vehicle  at  apogee  is  deter¬ 
mine  by  the  boost  vehicle  guidance  and  should  coincide  with  the 
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precomputed  direction  set  into  the  star  tracking;  system.  The  main 
propulsion  system  is.iftnit^  placing  the  vehicle  on  a  parking  orbit 
Ut  is'the  intcnt  that  this  orbit'be  near  circiilar  at  an  altitude  of  per¬ 
haps  400  naiit  mi);  Iii  general,  a  clrcrlar  orhit  wlU  not  be  realized. 
This. problem  is  considered  in  Section^V. 

2,  Parking  and  Final  Orbits 

While  in  the  parking  orbit,  the  .'ittiliide  control  system  continues  to 
operate,  maintaining  the  vehicle  attitude  so  that  the  IK  system  and  tlie 
radar  antenna  are  alwi'ys  looking  along  I  lie  local  vertical.  The  vehicle 
is  tracked  by  earth-based  stations  to  determine  the  orbit  .mid  a  time 
for  transfer  to  the  final  orbit  is  predicted.  'I'liis  requirement  arises 
from  the  need  to  fit  the  vehicle  into  the  overall  pattern  of  satellites. 

On  receipt  of  a  signal  from  the  tr.acking  st.ition,  tlie  main  engine  i.s 
ignited,  placing  tlie  vehicle  on  a  transfer  orbit  aith  apogee  at  .he  final 
orbit  altitude  (ap|iroximateIy  .'•600  iiaiit  mi),  i'lie  geometry  of  iauncl., 
transfer  orbit  and  final  orbit  is  shown  in  h'ig.  III-l.  During  the  co.  st- 
to-apogee  period,  tlie  vehicle  attitude  is  tnaint.iitu'd  with  the  pitch  and 
roll  axes  perpendicular  to  the  local  vertical  and  with  the  vehicle 
azimuth  attitude  indicated  by  the  star  tracking  system.  In  .addition, 
the  optical  field  ol  view  of  the  IH  system  is  automatieally  reduced  to 
compensate  for  the  smaller  angle  subtended  by  the  cartti  at  the  higher 
altitude.  A  signal  is  required  to  ignite  tlic  m.a'in  propulsion  system  at 
the  time  of  aiiogce  of  the  transfer  orbit.  This  is  jiroli.iMy  most  easily 
.aceompli.slied  by  estimating  an  early  time  of  apogee  in  advnm-c,  turn¬ 
ing  on  the  rad.ir,  and  firing  the  main  propulsion  system  wlien  the 
vehicle  passes  tliroiigh  the  |>rescribed  altitude.  In  the  event  the  vehicle 
fails  to  re.ach  the  desired  .altitude,  the  firing  of  the  main  propulsion 
system  would  occur  when  the  r.ad.ar  me.asureiiienls  indicate  a  maximum 
radar  lange  tins  been  reached.  The  r.ad.ar  is  turned  off  at  the  time  the 
main  propulsion  system  fires,  and  the  main  propulsion  system  is  east 
off  at  the  end  of  burning, 

.3.  Operational  Sequence 

In  the  final  orbit,  the  .seque.ice  of  oper.ition  for  the  total  system  is 
controlled  by  a  iircdetermine.;  program  of  switching  the  radar  on  and 
off.  The  ratio  of  sea  level  water  surface  to  land  surface  is  large 
enough  so  that  i.'.e  firing  can  be  preset  into  the  computer,  thus  ensur¬ 
ing  that  the  r.ad.ar  only  measures  altitude  over  sea  level  water  sur¬ 
faces.  Turning  on  of  the  r.ad.ar  .automatically  initiates  a  sequence  of 
recording  and  averaging  radar  readings  over  preselected  time  inter¬ 
vals,  recoiding  occultnlion  times  of  preselected  stars  and  orbit  com¬ 
putations  ,  The  recording  of  data  will  continue  through  four  star  occiii- 
tations  with  the  r.adar  o|ierating  only  a  small  fraction  of  this  time. 

The  orbit  computation  is  signaled  liy  the  recording  of  the  fourth 
occultation.  Also,  the  termination  of  the  orbit  romimtation  initiates 
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orbit  correction.  If  the  series  of  measurements,  computations  and 
corrections  require  a  longer  , interval  of  time  (than  is  available  from 
■the.  programmed  tum-oh  of  the  radar))  then  the  pragram  for  turning 
on  the  radar  is  over  ridden  to  the  next  nearest  point  in  tinie.  The. 
sequence  of  recording,  computation  and  correcting  is  repeated.when 
the  radar  is  again  turned  oh. 

4.  Orbit  Computation 

The  computation  of  the  elements  of  the  orbit  is  based  on  the  use  of 
a  combination  of  radar  altitude  and  star  occultation  time  data.  The 
planar, elements  (l.e..  the  semimajor  axis,  the  eccentricity,  and  the 
time  of  perigee  passage)  are  to  be  determined  from. radar,  data  and 
time.  The  out-of-plane  elements  (i:e„  the  inclination,  the  longitude 
of  the  ascending  node  and  the  argument  of  perigee)  are  to  be  deter¬ 
mined  from  the  star  occultation  time  recordings. 

Compulation  of  the  in-plane  parameters  is  considered  first. 
Previous  work  (EH  1 1439-3)  completed  under  this  contract  has  con¬ 
sidered  the  problem  of  obtaining  a  least  squares  orbit  from  ah  excess 
of  radar  altitude- -time  data  (which  applies  here).  If  the  eccentricity 

of  'he  orbit  is  small  (e^  1),  the  radius  time  relation  can  be  written, 

r  •  a  (1  -  e*)  [l  +  e  (cos  M  +  e  (cos  2M  -1) 

+  e  *  j  (cos  3M  -  cos  M) 

(1) 

+  e'*  '  j  (cox  4M  -  cos  2M))3 

where 

M  •  (t  -  tp) 

In  order  to  expand  Eq  (1)  in  a  Taylor’s  series,  several  partial  deriva¬ 
tives  are  required. 

-^(1  -  e*)  ^  |oln  M  4  2e  sin  2M 

>  I  e^(3  sin  3M  -  sin  M)|  1  (2) 
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W:  *  "  TT  *  ^7  *!*  ***  *'  *) 

#*  (cm  3M  -  coi  M)  (eoi  4M  -  co*  2M)] 

^  ■  *  *  -^  ^  lf^  [••*>  M  ♦  a#  tin  3M 

+  |«*,(3ilnSM-*taM>  (4) 

■t■|  •*<4  aln4M  -  2  tin  aM)] 

Then  the  pUnnr  elements  eetlefytnc  a  least  squares  fit  of  the  (r.,  t^) 
data  can  be  obtained  In  the  following  forint  ^  * 


Vl**n*T 

*  ^  "k^  1  ^  “k-v 

b’ 

l‘u\ 

Vl‘«n*F 

^  “k'k  '"k'^k’ 

^  Vk  Vk’ 

^  *k%  I  ^  ‘k’-k 

■4  '‘'"'i 

wh«r*  #^  «  1 


^■A 

*'  " 

^  ®k"k 

4'‘"“ 

V  2 
(■* 

‘••n*  1 

fi- 

stn  2M 

k  b  1 

L‘  -—55 - 

<fin  M  +  2e^ 

+  f«n*  sin  3M  -  sU>  M>^ 

^  ^  •  , 

1  M  R  R  ^  A  - 

(cos  2M  -  1 

D* 

COB  M  ♦  2e^ 

t  n 

+  TT  *n*  W  +  T  (eo*  4M  -  co«  214)] 

"k  *  ””'  {**"  W  ■*■  * •n  *M 

*  I  *n*  •*'’  *  •*"  **>  ♦  y  M  •«"  4M  -  2  stn  2M)] 

D  -  1  ♦  cos  M  +  (co.  2M  -  1)  +  e„®  |{cos  3M  -  cos  M> 
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R  if  esptcted  thiit  the  computetten  time  lor-  the  ieaet  etparee  eitl* 
matee  of  the  "ln>plane"  orbit  parametera  would  take  only  a  few  miinitea. 
Stored  valuea  of  the  desired  orbit  elamenta  w'vtd  he  uaM  in  the  compu* 
tationa  outlined  above. 


The  orbital  plane  orientation  elftmenta  (i,e;,^tbe  inclination,  the 
argument  of  perigee  and  the  longitude  of  the  aacehding  node)  are  cal* 
cblat^  from:notlng  the  time  at  which  certain  ^eaelactad  atara  are 
occulted  by  the  earth  and  aurroundtng  atmoaphere.  The  upper  limit 
of  the  occulting  aurface  ia  known*  to  an  accuracy  of  apprcsimately 
1  mi,  ao  that  the  occulting  aurface  ,tabea  the  form  of  a  cylinder  with 
known  radius  for  all  practical  purposes. 


The  time  of  occultatlon  la  defined  to  be  that  time  when  light  from 
the  star  being  tracked  la  refracted  fay  a  pradatermlnad  small  amount. 
At  the  time  of  occultatlon  the  vehicle  is  slmultaneoualy  located  on  the 
occulting  aurface  in  a  trajectory  defined  fay  the  relation 


r  ■  radial  distance  of  the  satellite  from  the  center  of  the  a<vth 


a  ■  aemiroajor  axis  of  the  orbit 
e  •  eccentricity  of  the  orbit 

b  ■  angular  distance  of  the  vehicle  from  the  line  of  apsides. 


It  baa  been  shown*  that  at  the  time  of  occultatlon  the  following 
equation  bolds: 


*  (WAOO  Technical  Report  61*78  December,  1860) 
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1  »  •  cos*  [cos*  <ft  +  u)  cos*  (Ojj  -  Q) 

*‘k 

+  sin*  ( 6  +  u )  cos*  1  sin*  (oj^  “  0)] 
sin*  sin*  1  sin*  (o  i «) 

+  [2  cos*  cos  1  cos  <6  *  u)  sin  (6  +  u)]  X 
cos  (ojj  *  0)  sin  (Ojj  -  fl) 

+  [  2  CO3  sin  (jj  sin  1  cos  (6  +  u)]  x 
sin  (0  +  u)  cos  {oTjj  -  0) 

+  2  cos  sin  cos  1  sin  1  sin*  (0  +  u)  sin  (Oj^  •  0) 

where 

r  .  «  »  - 

*^k  1  +  e  cos  b 

s  •  semi  major  axis  of  the  orbit,  known  from  the  radar 
measurements 

e  •  orbit  eccentricity,  known  from  the  rodar  msasurements 
r  •  radius  of  the  occulting  surface  (known) 

4.  •  declination  of  the  occulted  star,  Imown  from  computer 

*  storage 

^  ■  right  ascension  of  occulted  star,  known  from  computer 

*  storage 

0  •  true  anomaly,  known  from  radar  data  processing 

1  I.,  n  ■'the  Inclination,  argument  of  perigee  and  longitude  of 
the  ascending  node,  recpectlvely.  These  are  the  un¬ 
known  ({uantitles. 
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It  la  evident  that  a  measurement  of  the  time  of  egress  and  the 
time  of  Ingress  of  a  single  star,  plus  a  measurement  of  either  the 
time  of  ingress  or  time  of  egress  of  our  additional  star,  will  supply 
three  equations  in  the  required  t^ee  unknowns  (prdHdcd  the  orbit  is 
noncircular}.  The  measurement  of  the  time  of  ingrest  ar.d  time  of 
egress  of  ttmee  different  stars  would  of  courst;  supply  six  equations 
which  could  be  used  to  determine  the  orbital  elements. 

5.  Manuevers  *or  Orbit  Correction 

The  orbital  correction  system  employs  a  set  of  six  rocket  motors 
fixed  to  the  satellite  structure  in  such  a  manner  that  two  motors  are 
aligned  along  each  of  the  body  axes  (one  forward  and  one  aft).  The 
alignment  of  the  thrust  vector  for  the  various  maneuvers  is  accomp* 
llahed  by  vectorlally  adding  three  components  (monitored  by  an  inte¬ 
grating  accelerometer  on  each  axis)  which  are  known  with  respect  to 
a  local  ve-tical  coordinate  system. 

This  type  of  system  has  several  advantages  over  one  In  which  the 
vehicle  remains  stationary  while  the  engines  are  glmbaled  or  one  in 
which  the  vehicle  attitude  is  changed  to  position  the  thrust  of  a  single 
motor.  .Most  of  these  advantages  arise  from  the  fact  that  this  approach 
requires  no  complex  mechanical  arrangements,  does  not  produce  large 
disturbing  moments  during  thrust  perils,  and  is  capable  of  reversing 
the  direction  of  any  thrust  component  in  a  simple  manner  in  the  shortest 
time  possible.  These  advantages  make  the  system  ideally  suited  for 
this  mission  as  defined  in  the  previous  discussions. 

a.  Orblt.'U  corrections 

Two  means  of  making  orbital  corrections  have  been  investigated, 
These  are: 

(1)  Independent  adjustment  of  each  orbital  element. 

(2)  Linear  differential  corrections. 

,'he  first  of  these  schemes  has  been  devised  for  the  general  case 
of  orbital  corrections  in  which  the  corrections  are  relatively  large  and 
the  orbit  of  arbitrary  nature  (arbitrary  in  the  sense  that  the  elements 
can  be  varied  from  one  problem  to  another).  This  routine  has  also 
been  successfully  employed  for  the  small  correction;  however,  there 
are  more  simple  routines  which  can  be  utilised  under  these  conditions. 

A  sequencing  routine  has  also  been  devised  to  minimize  the  amount  of 
energy  required  if  more  than  one  adjustment  is  required.  This  tech¬ 
nique  for  corrections  will  be  investigated  further  for  the  range  of 
orbital  altitudes  Invloved  in  the  study,  and  numerleals  results  showing 
the  effects  of  finite  burning  time  will  be  generated. 
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If  the  maneuvers  are  small,  the  remaining  scheme  Is  adequate 
from  the  standpoint  of  agreement  with  the  desired  motion.  This  tech¬ 
nique  uses  a  reference  trajectory  defined  prior  to  launch,  or  deter¬ 
mined  at  some  time  before  transferring  from  the  parking  orbit,  and 
determines  the  partial  derivatives  of  the  various  orbital  elements  with 
respect  to  the  controlled  parameters.  A  matrix  of  these  error  coef¬ 
ficients  and  the  measured  deviations  at  some  time  are  used  to  define 
the  corrections  required.  This  procedure  has  been  checked  out  and 
has  proved  to  reduce  the  magnitude  of  the  uncorrected  error  to  near 
negligible  proportions  for  the  cases  In  whlrli  the  deviations  from  the 
reference  orbit  are  small  (on  the  order  of  40  ml  or  less  the  x,  y  and 
z  coordinates).  Tne  computations  required  in  this  routine  arc  simple, 
and  only  sine  and  cosine  functions  ne^  be  made  available  In  addition 
to  the  stored  constants.  Thus,  it  is  possible  to  utilize  a  reasonabl}’ 
simple  computer.  This  routine  was  Investigated  In  additional  detail 
for  a  variety  of  ascent  trajectories  to  provide  midcourse  guidance  data 
for  the  range  of  trajectories  consider^.  The  results  of  these  cor¬ 
rections  were  compared  to  both  the  reference  trajectory  and  the  un¬ 
corrected  trajectory  to  show  the  accuracy  of  the  scheme. 

Another  approach  to  station  keepbig  where  extreme  precision  In 
position  determination  Is  desired  has  been  formulated  based  on  the  equa¬ 
tions  of  motion  written  In  a  rotating  coordinate  system  centered  In  a 
circular  orbit  which  Is  regressing  at  a  uniform  rate  about  the  equator. 
All  large  accelerations  have  thus  been  eliminated  from  the  equations, 
making  It  possible  to  study  motions  which  are  generally  neglected  pro¬ 
vided  that  the  displacements  do  not  get  larger  than  those  assumed  In 
the  formulation  of  the  equations  (approximately  SO,  000  ft).  The  terms 
of  these  equations  which  have  been  considered  pertain  to  the  motion 
about  an  oblate  spheroid  In  the  absence  of  other  accelerations 
(gravitational,  atmospheric,  meteroric,  etc, ).  Thrust  terms  have, of 
course. been  added  In  order  that  control  schemes  can  be  Investigated, 
These  equations  )uve  an  additional  desirable  feature  In  that  since  the 
displacements  are  small,  the  reference  system  Is  essentially  equiv¬ 
alent  to  a  vehicle-centered  local  vertical  system.  The  t)irust  compo¬ 
nents  required  to  produce  the  desired  motion  are  thus  those  as  seen 
by  the  veliicie.  These  equatio.is  are: 

Equations  of  Motion 

Accelerations 

V  •  Cj  sin  Wjjt  -  ^Sjj  +  bjj  cos  2  w^tj  x  -  Sjj  sin  u^^t  (y) 

-  bj2  cos  «^t  (y)  ■  ®  j3  cos  u^t  (z)  -  bjj  (z) 

[«o  '  ™  *b] 
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y  ■  Cj  sin  2  u^t  -  Sjj  stn  (x)  -  bjj  cos  u^i  (x) 

-  ^Sjj  +  bjjcoa  2o^tJ  y  -  ajj  (2)  -  bjj  sin  2  «gt  (i) 


-  T„ 


.*"o  -  *  j 


V  •  Cj  +  dj  cos  2  Ugt  -  Sjj  cos  Ujjt  (x)  -  bjj  sin  (x) 

-  ajj  (y)  -  bjj  sin  2  u^t  2  u^tj 

[m„  -  i-.  tj,] 


Velocities 


t 

r  .a 


Displacements 


X  ■  x^  +  \  X  dt 


y-  y„ 


•N 


X  •  x„  +  ,V  dt 
°  ‘’o 


y-  yo *!*>■*“ 

i-  + 


•  V  y*  ■*■  = 


dt 


R.  A  <R).»iJLa.iii. 

dt  R 


0  ■" 

*  ■  *»  ■*■  I  *  dt 

°  Jn 


•  ^x^  +  y^  +  i 
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Co«fflcteiits 


•n-V 

■  2  u^0  sin  t 
^13  "‘la 

*’12  ■  *  “o^  ‘  ^0-|a-coil^ 

2 

bjj  •  -  15  a  sin  1  cos  1  -  bjj 
=1  •'‘c‘>12 

'2 

=.  ■I\-J  [”  (■ -!•»’■)  ■ 

“21  *  “IS 
.  .  “3 


‘22  TT 

C 


Sjj  •  -  2  (1  -  0  cos  1  +  v) 

.  .‘’12  *■’13 

'’21* - 5 - 


‘’22  "tt‘’ii 


‘>2S-T'’11 


^  0  cot  1 
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Definitions 


position  coordinates  relative  to  a  rotating  reference 
system  In  a  circular  orhlt  which  is  regressing  at  a 
constant  rate  about  the  equator  (ft)  (x  normal  to  or¬ 
bital  planet  z  along  the  radius;  y  along  the  velocity 
vector) 

the  rotational  rate  of  the  coordinate  system  about 


the  earth  ' 


/1. 4077  X  10* 


(rad/sec) 


R  the  radius  relative  io  the  center  of  the  earth  of  the 

'  desired  circular  orbit  (ft) 

R  distance  from  the  origin  (ft) 

R  range  rate  relative  to  origin  (fps) 

T_,  T„,  T  thrust  components  in  the  specified  coordinate  sys- 
*  y  *  tem  (lb) 

m  the  initial  mass  of  the  vehicle  (irlugs) 


the  mass  rate  due  to  burning  propellant 
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the  toUl  burning  time  of  rocket  motore  (eec) 

I. 574X 

J. SBSx  10*^ 

4. 722  (1  -  I  ein*  i)  x  10’^ 


C,  THE  DEVELOPMENT  OF  A  COMPUTER  PROGRAM 

To  define  the  requlremente  for  the  control  eyetem  end  evaluate 
several  almple  control  laws,  the  preceding  set  of  equations  has  been 
programmed  for  the  analog  computer.  Thia  approach  is  possible  due 
to  the  fact  that  the  positions  and  velocities  defined  by  the  equations  are 
small  and  changii^  slowljr.  However,  because  analog  equipment  is 
limited  in  accuracy  to  approximately  three  significant  figures,  several 
simplifications  to  the  equations  can  be  made  based  upon  the  evaluation 
of  the  coefficients  for  this  particular  orbit  and  a  knowledge  of  the  maxi¬ 
mum  value  of  R  and  V.  These  cocfftuienta  are: 

ajj  •  0.8516  X 10*^ 
aj,  •  0.6505  X  lO'^ 


aj3  ■  0.6505  X  10 
bjj  •  3.351  X  10'“ 
bjj  •  2.781x10**^ 
bjj  ■  -9.478x  10'“ 
Cj  ■  0. 1526  X  10*® 
Cj  ■  7. 357  X  10*^ 

Cj  «  -0.0119  X  10'* 


‘b 

a 

Y 
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»21  •  -0.  *505  X  in“^ 

Xjj  ■  0.0022x10**^ 

Xjj  ■  -o.sassxio'® 

bjj  -  -1.896x  10"“ 

bjj  ■  2.011x10*“ 

bjj  •  5.362  x  10"“ 
Xjj  •  -0.6505  x  10*^ 
»32  ■  0. 5836  X  lO"® 
Xjj  ■  2. 555  X  10"^ 
bjj  ■  -7.582  x  10*“ 
bj2  •  5.382  x  10*“ 
bjj  ■  -8.043  x  10*“ 

dj  -  -11.066  x  10*^ 

where 

Rg  •  5.488164  x  10^ 

u„  »  0.291824  X  10"^ 
o 

1  •  54. 736* 

Y  "0. 7866  X  10*^ 
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From  these  data  It  Is  immedtateljr  apparent  that,  to  the  first  order,  all 
coefficients  In  the  equations  of  motion  except  a^j,  ‘^32'  ^33'  ‘-'i' 

C2,  and  dj  are  negligible. 

The  equipment  utilized  for  this  problem  Is  listed  below: 

13  Integrators 

22  summers 

23  Inverters 
33  attenuators 

2  GKOA  multipliers  (1  used  for  division  and  square  root) 

1  diode  multiplier 

3  servo  multipliers  (2  used  for  division  and  square  root) 

9  relays 

The  results  of  this  computer  program  are  contained  In  work  previ* 
ously  completed*  under  this  contract,  and  they  Indicate  that  the  present 
approach  to  the  orbital  correction  problem  In  feasible. 


D.  CONTROL  LAWS 


Many  techniques  can  be  envisioned  for  varying  the  magnitude  and 
direction  of  the  thrust  vector  to  produce  the  desired  motion.  However, 
for  the  purpose  of  this  study,  use  will  be  made  of  the  fact  that  If  the 
displacements  are  small,  the  distance  from  the  origin  will  vary  In  an 
approximate  linear  manner.  Thus,  there  are  two  types  of  corrections: 
one  to  cancel  the  velocity  components  and  one  to  produce  motion  toward 
the  desired  point.  The  thrust  components  for  these  maneuvers  are: 


T 


s 


T 


s 


S 

V 

s 

R 


*  KR  11439-3  "Orbital  Guidance  Systems  Study,"  November  I960* 
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where 


S  «  X,  y  or  e. 


These  thrust  components  may  be  combined  if  appropriate  restrictions 
are  add^  to  define  when  each  will  be  employed.  The  restriction  uti¬ 
lized  in  these  studies  was  that,  should  the  vehicle  be  moving  (or  start 
moving)  toward  the  origin  in  any  component  of  position  (1.  e, ,  the  sign 
of  S  and  S  are  different),  velocity  canceling  component  at  thrust 
Is  neglected  to  save  energy.  Thus. 


to  produce  motion  If  the  signs  of  S  and  S 
are  the  same 


or 


to  produce  motion  when  the  sign  of  S  ^ 
the  sign  of  S 


to  cancel  velocity  in  the  different  directions 


One  special  note  is  required  In  discussion  of  these  figures  since 
investigation  of  them  discloses  that  the  function  y  (1.  e. .  the  displace¬ 
ment  In  the  orbital  plane  along  the  normal  to  the  radius)  Is  diverging 
at  the  rate  of  approxlmate^v  0. 1  fp.s  on  the  average.  This  is  the  result 
of  two  conditions.  First,  the  earth's  oblateness  produces  the  term  c, 

•  •  6 
sin  2  t  in  the  equation  lor  The  cont  ibutlon  of  this  term  is  illustrated 
in  the  following  sketches. 


y 


ER  11647 


m-19 


This  motion  can  be  envisioned  to  be  the  result  of  a  period  error  due  to 
the  earth's  oblateness.  Since  the  origin  continues  to  rotate  at  the  pre- 
acrlbed  rate,  the  result  Is  drift.  However,  the  major  portion  of  this 
drift  was  Included  In  the  motion  of  the  origin!  thus  It  appears  that  this 
drift  was  In  part.  If  not  completely,  the  result  of  something  else. 

The  second  contribution  to  the  drift  Is  the  result  of  loss  of  numeri¬ 
cal  significance.  Since  the  motion  Is  only  approximately  2000  ft  per 

revolution,  the  error  In  the  orbital  period  Is  only  1  part  In  0. 6  x  10^, 
This  error  could  result  from  two  factors,  dropping  terms  for  slmpll- 
ficailon  or  In  the  computational  routines  themselves  from  noise.  How¬ 
ever,  since  the  degree  to  which  the  runs  could  be  repeated  was  good. 

It  Is  more  probable  that  simplification  resulted  in  slight  errors. 


One  extension  to  these  laws  Is  necessary  to  make  their  evaluation 
more  meaningful:  the  inclusion  of  the  effects  of  errors  In  the  position 
of  the  vehicle  or  the  origin,  and  the  effects  of  errors  In  the  attitude  of 
the  vehicle  during  thrusting  periods.  Since  each  of  these  errors  will 
be  reflected  In  the  same  manner,  the  following  laws  for  directing  the 
thrust  have  been  studied. 
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where  the  same  restrictions  previously  noted  are  valid.  These  errors 
can  be  constants  or  may  be  generated  (when  needed)  as  functions  of 
time,  position  etc. ,  11  desire. 
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IV.  SUBSVSTEM  DKSCRIPTION 


A.  RADAR  ALTIMETER 


1.  Introiduction 

The  rad!>r  sysleiii  pro|K>se(l  for  performance  of  satellite  altimeter 
functions  must  bo  capable  of.operating  nne'full  year  without  maintenance 
or  adjustment.  This  requires  .that,  maximum  reliability  and  stability 
be  incorporated  in  the  design  of  the  system  along  with  the  added  epn- 
sidcration  of  ihihimum  |>pwer  consumi>tlon.  As  a  result  of  these  re¬ 
quirements,,  maximum  usciwill  bc.mado  of:solid-state  compohehts,  such 
ins,  transistors,  diodes  and  ferrites. 

The  weight  objective  of  this  radar  altimeter  is  60  lb  which. includes 
the  parabolic  antenna..  The  estimated. power  consumption  is  not  expected 
to  excccti  laO  watts.  This. low  (tower  consum(>tton  i.s. achieved  by  maxl- 
muin  ti.se  of  solid-state  com|>oncnts.  A  block  diagram  of  the  radar 
altimeter  is  sliuwn  in  Kig.  IV' 1. 

2.  .System  Design 

The  |iur|ipse,of  the  radar  altimeter  is.  to  provide  an  orbiting  satellite 
with  accurate  altitude  data  to  the  earth.  Tlie  altimeter  design,  based 
on,  radar  (irinci)iie.s,  will  meet  a  range-accuracy  requii-ement  of  0,1 
mi  and  provide  the  reliability  and  stability  characteristics  required 
to  ensure  one  year  of  maintenance  free  b|)cration,  Tlic  range -accuracy 
requirement  is  normally  met  by  selecting  a  tran.'tmitfed-iiulse  width 
which  corres|xinds  to  the. iK'rmissiblc  range  error,  For  this  radar, 
the  selected  (iul.se  width  is  1,0  p  sec.  Another  design  factor  that  must 
be  considered  is  the  altitude  of  n(H;rations,  When  an  antenna  beam  is 
originated  at  gretit  distances  and  projected  on  the  surface'  of  the  earth,, 
tlie  (irojcctcd  area  bectimes  quite  large.  Normally  the.earth  Is  considered 
a  flat  (il.-ile  for  r.ailar  altimeter  .-!pplicutiuns;>hqwever,.when  the  beam 
is'iirojecled  from  great distanec.s,  its  area: is  so  larije  that  the  earth's 
curvature  must  be  considereil  when  determlnlng  altitude  accuracy. 

Since  the  (irojccttd  area  is  a  function  of  antenna,  beamwidth,  the 
ranging  accuracy  is  not  uiily  a  function  of  (>ulse  duration  biit  also  de¬ 
pendent  on  the  antenna  lieam'wldth,  .Figure  IV-2  shows. the  earth's  curva¬ 
ture  error  as  ,a  function  of  antenna  beamwidth,  diid.if  this  error  is  kc(it 
within  the  (iulse  duration  (ieriotl,  a  beamwidth  of.'a(>pruxtmately  0.54* 
is.rcquired. to  meet. this  cqmlition. 
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Kig.  IV-I.  Block  Diagra  11  of  Radar  'Itimeter 


iv-.'} 


n.  Antenna  beamwldth 

The  requirement  to  obtain  a  narrow  beamwidth  now  becomea  a 
prime  conaideration  in  the  deaign  of  thia  radar  altimeter.  Two  methods 
whereby  a  narrow  beamwidth  may  be  obtained  are:  (1)  using  a  large 
antenna  and  low  frequency  (X  band)  and  (2)  using  a  small  antenna  and 
high  frequency  <K^  band).  Fur  satellite  applications,  it  is  necessary 

to  keep  the  antenna  a  reasonable  al'/c  becuuae  it  will  be  carried  within 
the  satellite  during  launch.  The  antenna  Kizea  investigated  were  30  to 
60  in.  in  diameter.  From  the  resulting  beamwidths  shown  in  Fig.  IV-3 
it  can  be  seen  that  the  K^*frequency  band  gives  the  smallest  beamwidths, 

Hy  referring  to  Fig.  IV- 2,  it  can  be  determined  that  the  maximum  permis 
sible  beam  is  0.54*.  Also,  Fig.  fV-3  shows  that  in  order  to  obtain  a 
beamwidth  of  0.54*  or  less,  one  must  operate  at  band  with  an  antenna 

diameter  of  at  least  43  in. 

b.  Antenna  gain 

Simultaneously  witn  the  investigation  of  antenna  beamwidths,  antenna 
gain  was  calculated  for  .X,  K.  and  K,  hand  frequencies  (Fig.  lV-4).  An 

examination  of  Fig.  IV-4  will  reveal  that  band  gives  at  least  6  db*  gain 

over  baml  and  1 1  db  over  X  band.  This  can  be  stated  on  a  power 

basis  with  band  retpiiring  1/4  the  (>ower  of  K  and  1/126  the  power 

of  X  band. 

Considering  the  fact  tiuit  a  U.54*  bearuwldth  is  required  to  meet  the 
0.1  *mi  accuracy  requirements  and  to  maintain  a  reasonable  antenna 
size,  the  band  is  selected  ns  the  operating  frequency  for  the  radar 

altimeter.  The  antenna  diameter  is  48  in.  to  obtain  the  maximum  gain 
(50.3  db)  for  a  reasonable  si/.e  antetina.  The  rt  sultnnt  beamwidth  is 
0.5*  and  the  earth's  curvature  error  is  within  the  pulse  width. 

c.  The  bund  environment  performance 

A  detailed  study  was  made  to  determine  the  environmental  effects 
(such  as  weather,  atmosphere  and  target  characteristics)  upon  the 
propagation  characteristics  at  band.  A  survey  of  available  literature 

in  this  field  was  conducted  with  the  result  that  several  recent  findings 
liave  made  the  use  of  band  very  attractive.  Reference  1  contains  iin 

article  on  atmospheric  absorption  along  with  a  summary  and  bibli¬ 
ography  of  t)ie  major  effort  conducted  in  this  area  to  1961.  Figure  IV-S 
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Fig.  IV-S.  Antenna  Diameter  Versus  Beamwidth 


'  requency  <inegacycU() 


Kt(.  lV-5.  Attenuation  for  Ote-Way  Tranimiaaion  Througli  At.'iioaphere 


IV-8 


■hows  the  total  attenuation  for  one-way  tranemlasion  through  the 
atmoaphere  (produced  from  data  In  Ref,  I),  alao,  a  nummary  of  the 
available  experimental  data  and  theoretical  predictionn.  From  thin 
illustration  it  can  be  aeen  that  the  total  two-way  trannmiasion  loan 
through  the  atmosphere  ia  about  n.s  db  for  band,  aa  compared  to 

negligible  losses  at  X  band.  This  case  is  for  the  vertical  trans¬ 
mission  path  ( a  •  0)  where  the  energy  propagation  distance  is  the 
shortest  propagation  distance  through  the  atmosphere.  Figure  IV-S  also 
shows  that  attenuation  is  not  especially  critical  to  the  angle  of  entry 
up  to  angles  of  60*.  The  radar  altimeter  will  operate  with  a  nominal 
0*  angle  of  entry  with  very  smalt  divergences. 

Another  area  studied  was  the  target  reflection  characteristics. 

In  this  application  the  radar  altimeter  will  only  be  operated  over  water. 
Radar  ranging  over  land  is  not  practical  due  to  the  unknown  land 
elevations  which  would  result  in  altitude  errors.  The  back  scattering 
from  water  and  several  land  terrains  have  been  measured  at  X, 

and  bands  using  vertical  polarisations  by  the  Naval  Research 

Laboratory  and  are  reported  in  Refs,  2  and  3,  The  average  radar  cross 
section  of  water  echo  per  unit  area  of  the  surface,  a*,  is  plotted  as  a 
function  of  frequency  for  angles  of  incidence  of  0*  and  5*  (Fig.  tV-6),  It 
can  be  seen  that  the  effective  band  reflectivity  is  10  db  greater  than 

the  effective  X  band  reflectivity.  This  effective  gain  at  band  is  not 

adversely  affected  by  winds  that  cause  the  speed  and  magnitudes  of 
the  waves  to  change. 


d.  Summation  of  gains 

In  the  pre  -edlng  paragraphs  the  various  factors  affecting  gain  (such 
as  frequency,  antenna  size,  atmospheric  attenuation  and  back  scatter) 
were  discussed,  A  tabulation  of  these  gains  are  presented  below  with 
dimensional  gains  referenced  to  operation  utilizing  a  48-in.  diameter 
antenna. 


Frequency 

X 

•‘a 

Antenna  gain  db 

♦38.9 

♦43.8 

♦S0.3 

Back  scatter  db 

♦  4.0 

♦  7.3 

♦14.0 
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Fig.  IV -6.  B«ck  Scattaring  of  Water  Aa  a  Function  of  Frequency 
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Atmospheric 

attenuation  db 

0 

-  0.3 

-  0.5 

Total  db 

>42.9 

450.8 

463,8 

From  the  abuve  summary  it  can  be  seen  that  operation  at  band 
provides  21  -db  more  f|ain  than  X  band.  Since  band  is  the  only  fre¬ 
quency  band  producing!  a  brumwidth  sufficient  to  maintain  a  0,1 -mi  range 
accuracy  and  since  a  31  -db  gain  is  provided  above  X  band,  it  is  concluded 
that  the  radar  altimeter  operate  at  band.  Other  factors  affecting 

radar  performance  (such  as  receiver  noise  figure,  signal-to-noise  re¬ 
quirements,  plumbing  losses,  radome  losses  and  degradation  due  to 
operation)  v  ill  be  covered  in  subsequent  paragraphs. 


Kadar  itange  I’erformance 


The  ex|>ression  fur  radar  range  used  fur  preliminary  design  includes 
the  relationship  of  transmitter  pulse  power,  antenna  gain,  wave  length, 
pulse  length,  pulse  re|>etition  rate,  receiver  noise  figure  and  target  size. 
The  expression  used  is 


where 

I’,j.  •  peak  |uwer,  watts 

Gq  »  ratio,  gain  over  isotrupic 

X  •  wave  length,  meters 

PRF  *  pulse  repetition  frequency,  cps 

TfF  •  noise  factor  ratio 

•  effective  area,  square  meters 

r  >  pulse  width,  microseconds 
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This  expression  has  been  developed  for  an  antenna  beam  that  is  fixed 
relative  to  the  target  (i.e..  seerclillghting),  an  is  the  cane  of  the  radar 
altimeter. 

Since  the  orbiting  altitude  of  the  radar  altimeter  will  be  at  least 
6000  mi  (5210  naut  mi),  the  system  must  be  capable  of  providing  this 
range.  The  following  design  factors  have  been  selected  for  this  radar. 

Gji  •  50..i  db  •  1.07  X  10^ 

^  •  0.86  cm  »  8.6  x  10  ^  meters 

T  "lx  to'®  sec 

PRF  •  15  pulses/ sec 

N?'  -  10.3 

O 

a  61.5  X  10  «q  m 

Rearranging  the  range  equation  to  solve  for  P^; 

P  .  »max^ 

'''  (PRF) Ag 

p  .  (5210)®  11,2  _  _ 

^  (5.44)®  (1.07  X  loV  (8.6  x  lo'^)^  (1  x  lo’®)  (15)*'^  (61.5  x  lo' 


Pj  a  740  watts 

To  the  above  trans.'nitted  power  the  following  losses  and  gains  must  be 
added. 

Losses: 

Propagation  0.5  db 

IMumblng  3.2 
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S/N  ratio  17.0 

one-ycar  degradation  10.0 


Gain: 


30.7  db 


Hack  scatter  14.0  db 

Net  gam  =  losses  -f  gam  (+14.0)  ■  -16.7  db  »  46 

Required  transmitted  peak  {H>Mer  becomes 
I*.p  >  740  watts  X  46 

P.J,  *36  kw  (peak  jKiwer) 

Thus  it  IS  shown  that  a  K^-band  radar,  transmitting  36  kw  of  peak 

power*  IS  capable  of  performing  the  satellite  radar  altimeter  mission. 

The  nominal  transmitted  power  that  the  radar  will  use  is  based  on  avail¬ 
able  magnetrons.  The  magnetron  selected  for  this  altimeter*  Sylvania 
5789*  transmitting  40  kw*  has  an  acceptable  reliability  and  performance 
histo.’>. 

4.  Modulator  Design 

The  modulator  determines  the  waveform  and  the  power  of  the  output 
pulse  released  through  the  magnetron,  basically*  the  modulator  con¬ 
sists  of  the  high-voltage  power  supply*  the  charging  network*  the  pulse- 
forming  network*  the  di:>chargc  circuit  and  the  pulse  transformer  (Fig.  lV-7). 
Reference  4  was  used  to  help  determine  these  modulator  components. 


Onv  o!  the  unusual  characteristics  of  the  modulator  (Fig.  IV- 7)  is  that  it 
uses  resistance  charging  for  storing  energy  in  the  pulse-forming  net¬ 
work.  This  charging  method  was  selected  because  of  the  low-pulse  repeti¬ 
tion  frequency  required  by  the  long  range  between  the  satellite  and  earth. 
Traditionally*  airborne  modulators  have  used  inductance  resonance  charg¬ 
ing  t(.  obtain  high  charging  efficiencies  (over  90%).  However,  to  obtain 
resonance  charging  at  low  pulse  repetition  frequencies*  an  inductance 
that  18  prohibitive  in  size  is  required  ano  consequently  resistance  charg¬ 
ing  must  be  used.  The  efficiency  of  resistance  charging  can  be  a  maxi¬ 
mum  of  only  50%. 
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a.  Voltage  on  the  pulse -forming  network  and  the  switch 


The  discharging  efficiency,  is  assumed  to  be  75%,  the  peak  for¬ 
ward  pulse-forming  network  voltage  is 


V 


N 


»  "d 


-  impedance  of  pulse-forming  network 


*  pulse  power  in  the  load 


n^  s  discharging  efficiency 


This  voltage  is  well  within  the  specifications  of  the  HOMAC  5D50 
h>*drogen  thyratron  tube  which  has  been  selected  as  the  switch.  Another 
switching  method  investigated  was  the  rotary  spark  gap.  The  attrac¬ 
tive  feature  of  this  switch  was  the  luw’  power  consumption  and  no  re¬ 
quirement  for  warmup.  However,  the  rotary  spark  gap  was  not  selected 
at  this  time  because  of  the  difficulty  of  ada[>ting  it  in  applications 
requiring  nrtight  enclosures, 

b.  Capacitance  of  pulse-forming  network 

The  approximate  pulse-forming  network  capacitance  is  given  by 


^'n  •  T-rj 


T  s  pulse  width 

Zj,,  *  Impedance  of  pulse  forming  network 

">.000  Wf 
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c.  Charging  resistor 

The  requirement  on  the  scries* resistance  isolating  element  in  this 
charging  circuit  is  simply  that  it  must  be  large  enough  to  allow  only 
negligible  current  to  be  taken  from  the  power  supply  during  the  pulse 
and  the  deionizing  time  for  the  switch*  but  not  so  large  that  the  uC'time 
constant  becomes  comparable  to  the  interpulse  interval*  To  get  the 
highest  network  voltage  from  a  given  power  supply  voltage  with  this 
arrangement*  the  length  of  the  interpulse  interval  should  be  several 
times  greater  than  the  RC*tiine  constant  in  the  charging  circuit.  The 
intcrpulse  interval  is  62  ms  and  a  time  constant  of  6.2  ms  is  selected 
to  obtain  a  high  network  voltage.  The  maximum  efficiency  of  the  resist* 
ance  charging  lit  307o. 


Tp  »  time  constant 


»  chnrfjinK  resistance 
•  pulse-forming  network  capacitance 


H 


C 


-  6.2  X  I0‘^ 


620.000  olims 


d.  Shunt-diode  circuit 

In  order  to  maintain  a  constant  peak  forward  voltage  on  the  network 
after  an  accidental  short  circuit  in  the  load,  it  is  necessary  to  dissipate, 
as  raoidly  as  possible,  the  inverse  voltage  left  on  the  network  by  means 
of  a  shunt-diode  circuit  across  the  network.  For  maximum  effectiveness, 
the  time  constant  of  the  network  capacitance  and  resistance  of  the  shunt 
circuit  should  be  as  small  as  (>ossible  y*,hen  compared  with  the  charging 

period.  Since  T,,  •  6.2  x  10  sec,  the  time  constant  of  the  shunt-diode 
^  -5 

circuit  <T^)  IS  selected  rs  6.2  x  10  sec  because  the  circuit  is  generally 
effective  when  its  time  constant  is  1%  of  the  charging  time. 
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Tg  >  time  constant  of  the  shunt-diode. 

Rg  >  resistance  of  shunt-diode  circuit, 

•  capacitance  of  putse-forming  network. 

RC  »  ^  6;2_Xl0j  .  g2QQ 

^  10'® 

This  protective  ci'-cuit  would  consist  of  the  shunt  resistor  with  a 
stack  of  diode  rectifiers.  The  maximum  rating  in  the  diode  rectifiers 
would  not  be  exceeded  because,  for  a  peak  inverse  voltage  of  6.2  kv. 
the  peak  current  after  a  compicte  short  circuit  is  6200/1300  >  4.8 
amps.  The  full  current  will  persist  for  several  psec  and  then  quickly 
be  reduced.  For  longer  short-circuit  current  periods,  the  protective 
relay  circuit  will  be  energized  and  will  remove  the  excess  dissipation. 

e.  Power  supply 

The  power  supply  is  designed  as  a  standard  full-wave  rectifier  with 
a  choke  input  fitter  to  minimize  the  effect  of  tho  input  voltage  wave¬ 
form  on  the  pulser  output.  The  d-c  voltage  required  for  normal  operation 
can  be  arrived  at  by  the  use  of  an  estimated  charging  ratio  of  1.0  for 
resistance  charging. 


K 


bb 


6  kv  . 
T” 


6  kv 


^bb  ’  supply 

»  voltage  on  pulse-forming  network 
~  charging  ratio 

Tlie  average  current  from  the  power  supply  is  approximately 
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Pj  *  pulse  power  in  the  load 
Ebb  ”  voltage  8uppl> 

»  discharging  efficiency 
n^  a  charging  circuit  efficiency 
•>  •> 

1  3 - -  S  1  ma 

avg  6  X  10  (0.75)  (0.5) 


f.  Huld’off  diode 


The  maxinuTi  cxpcited  peak  current  thr(>ugh  the  charging  circuit 


8. 


p  1, 


I  *15  ma 


Protection 


1.4  X  10_"* 

0.2  X  10  ^  X  15 


Protection  against  short  ciriuits  in  the  load  is  notinall>  achieved 
b>  the  shunt-diodc  circuit,  whuh  prevents  dangerous  overvoltage  on 
an>  pulser  component  and  keeps  the  average  current  very  nearly  con¬ 
stant.  For  prolonged  short  circuits,  it  is  desirable  either  to  turn  off 
the  pulset,  or  to  change  its  output  from  high  to  low  ^xiwer.  Since  the 
largest  curient  change  resulting  fioin  a  fault  occurs  in  the  shunt-diode 
circuit,  a  protective  t  cla>  is  used  in  this  ciicuit.  Also,  a  thermal  re- 
ia>  was  selected  for  this  funetioii  hccau.^e  of  Us  long  operating  delay. 

A  restarting  ode  '■Mil  U  mtioduced  to  increase  the  power-out  in  pro¬ 
gressive  steps  until  full  power  is  achieved. 


h.  Pulse  transformer 


The  pulse  transformer  is  used  to  reduce  the  maximum  working 
voltage  that  is  necessary  and  makes  the  switching  problem  easier 
which  results  in  weight  saving,  simplifies  design  and  increases  reli¬ 
ability.  The  pulse  transfoi  mer  in  this  modulator  will  increase  the 
working  voltage  from  6  to  12  kv. 
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i.  Pulse-forming  network 

The  pulse-forming  network  serves  the  dual  purpose  of  storing 
exactly  the  amount  of  energy  required  in  a  single  pulse  and  discharging 
this  energy  into  the  magnetron  in  the  form  of  a  pulse  whose  shape  is 
controlled  by  the  magnetron's  characteristics.  The  energy  is  stored 
in  a  combination  of  three  inductances  and  capacitors  to  produce  a 
pulse  width  of  1,0  psec.  The  rise  time,  overshoot,  ripple  and  decay 
time  will  be  controlled  to  generate  the  pulse  shape  that  will  contribute 
to  maximum  magnetron  life,  stability  and  spectrum  output, 

j.  Pulse  repetition  frequency  generator 

The  pulse  repetition  frequency  (prf)  is  based  on  the  range  at  which 
the  radar  is  to  be  used.  For  this  application,  the  range  is  6000  mi  with 
a  15  prf.  These  pulses  will  be  generated  by  a  free-running  multivibrator 
(Fig.  IV- 7).  the  output  of  which  will  trigger  the  controlled  rectifier  into  a 
conducting  stage.  This  will  permit  the  thyratron  to  conduct  and  dis¬ 
charge  the  energy  stared  in  the  pulse-forming  network. 

5.  Solid-State  .Modulator 


Recent  developments  in  modulator  techniques  have  resulted  in 
solid-state  modulators  which  operate  without  thyratron  switching  and 
arc  reported  in  Ref.  5.  The  thyratron  is  replaced  by  a  combination  of 
a  controlled  rectifier  and  transformers, 

A  basic  pulse-modulator  circuit  is  shown  In  Fig,  IV-8.  This  modulator 
uses  resistance  charging  and  the  capacitor  Cj  charges  up  to  the  line 

voltage.  The  hold-off  diode  prevents  further  discharge  until  th’  control 
device  is  triggered.  During  the  charging  cycle,  the  saturable  trans¬ 
former  Tj  is  driven  into  saturation  and  only  a  negligible  charge  is 

transferred  to  the  capacitor  C^,  When  the  controlled  rectifier  is 
triggered,  the  energy  stored  in  Cj  is  transferred  to  Cj  through  trans¬ 
former  T|  which  now  makes  flux  change.  Like  any  magnetic  "pulsator", 

T|  saturates  again  when  Cj  i."  ducharged  and  C2  has  reached  its  peak. 
Similarly,  the  energy  stored  in  discharges  through  a  pulse  trans¬ 
former  into  the  magnetron.  One  advantage  of  this  modulator  is  its  capa¬ 
bility  of  operating  from  low  voltage  sources  (30  to  100  volts)  to  produce 
a  12-kv  pulse.  Additional  advantages  are  obtained  by  a  reduction  in 
weight  and  power  consumptic.i  and  an  improvement  in  reliability. 
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Flf.  8.  Basic  Dtacraia  of  a  Solid  State  Modulator 
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All  solid-state  modulators  have  been  developed  and  tested  for  radar 
sets  using  resonant  charging  and  high  pulse  repetition  frequencies 
<400  to  1000);  however*  no  developmental  information  has  been  reported 
for  low  pulse  repetition  frequencies.  This  solid-state  modulator  con¬ 
cept  is  being  investigated  to  determine  its  operational  capability. 

Since  it  provides  considerable  savings  in  power  consumption,  weight 
and  improved  reliability  its  use  is  recommended  if  the  operational 
requirements  can  be  met, 

6.  Receiver 


a.  Genet  al 

The  specificationH  of  the  receiver  signal  channel  arc: 

Mixer  (double-ba(anced)--K^  band,  noise  figure,  ■  9,5  db 

IK  amplifier-gain  •  1 10  db 
Handwldth  *  2.0  me 
Center  frequency  *  .10  me 
Noise  figure  *  4,0  db 

Local  oscillator  *  K.^  band,  retlex  klystron. 


The  specifications  of  the  receiver  AKC  channel  are; 

Mixer  (double- balanced)- -K  band 
a 

Ir  »ttipllfl**r  g:MM  •  20  db 

Handwitlth  ’  3.6  me 

Discriminator- -these  spet'ifications  will  be  determined  by  the 
frequency  stability  of  the  magnetron. 

The  preliminary  design  of  the  receiver  has  been  chosen  on  the  basis 
of  immediately  available  comixinents.  It  is  realised  that  new  components 
which  will  possibly  become  available  in  the  near  future  would  enhance 
the  present  design  characteristics.  However,  it  is  felt  that  an  adequate 
receiver  system  can  be  develo|>ed  in  three  to  four  months  (with  consider¬ 
ation  given  to  low  power  consumption,  low  noise  figure,  and  light  weight) 
using  comi>onents  (urrently  available.  Due  to  the  desired  lifetime  of 
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the  satellite  system,  it  will  be  advantageous  to  use  the  components 
well  below  their  maximum  ratings.  The  required  altimeter  lifetime 
of  one  year  would  indicate  that  if  transistors,  for  example,  were 
operated  at  or  near  their  maximum  ratings,  a  degradation  in  reliability 
will  occur. 

b.  Mixer 

The  signai  channel  mixer  and  the  AKC  channel  mixer  are  to  be  in¬ 
corporated  in  one  double-balanced  mixer.  The  two  channels  will  con- 
y  .A  of  two  IN-SJU  microwave  diodes  each  In  a  MA-53I  double  balanced 
mixer  operated  at  band.  The  isolation  between  the  transmitter  and 

the  mixer  will  result  in  a  |>ower  level  of  1.0  mw  delivered  to  the  mixer. 
This  power  level  is  at  a  test  frequency  of  :14,860  me  and  the  maximum 
overall  noise  figure  of  the  diodes  is  10.5  dl>.  However,  Fig.  IV- 10  shows 
that  at  this  nominal  operating  frequency  the  noise  figure  can  be  reduced 
to  9.S  db.  The  system  performance  has  been  calculated  using  a  noise 
figure  of  10.5  db. 

The  two  mixers,  one  for  the  signal  channel  and  one  for  the  AFC 
channel,  receive  their  signal  inputs  through  the  duplexer  and  attenuator, 
respectively,  Hoth  of  these  mixers  must  get  their  local  oscillator 
r-f  |x>wer  from  the  same  source.  It  is  desirable  that  the  mixer  should 
absorb  as  much  of  the  signal  power  incident  uium  it  ns  possible,  other¬ 
wise  reflected  power  is  lost.  However,  with  non-ideal  components  there 
must  be  some  power  lost  in  the  form  of  VSWR,  The  VSWR  ratio  for 
this  mixer  (approximately  1.3)  indicates  a  low  absorption  efficiency 
for  this  component. 

The  mixer  crystal  can  withstand  an  input  power  of  1  mw.  The  r-f 
attenuator  which  is  placed  between  the  transmitter  and  the  mixer  must 
have  a  very  large  attenuation.  This  attenuation  is  computed  to  be  76 
db,  based  on  the  jicak  output  giowcr  of  the  magnetron  of  4U  kw.  The 
attenuator  essentially  behaves  like  a  high-|iass  filter,  which  passes 
the  energy  above  its  critical  frequency.  The  critical  or  cutoff  frequency 
will  be  slightly  higher  than  the  nominal  transmitted  frequency  of  35,000 
me.  At  this  frequency  the  attenuator  wilt  be  small  in  size.  This  is 
due  to  the  fact  that  attenuatbin  in  decibels  is  progiortlonal  to  length  of 
the  element  (in  wave  length)  and  this  length  is  adjusted  to  give  the 
required  fraction  of  transmitted  power  to  the  mixer. 

It  may  result  that  the  second  harmonics  of  the  30-mc  IF  frequency 
are  large  enough  to  work  the  AFC  circuits,  since  the  attenuator  is  a 
high-pass  element.  If  this  happens,  then  the  local  oscillator  may  be 
locked-on  at  a  15-mc  Interval  instead  of  the  30-mc  interval  (for  which 
the  signal  channel  is  designed).  These  harmonics  are  generated  by 
the  transmitter,  local  oscillator  and  crystal  mixer.  Transmitter 
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harmonics  may  be  suppressed,  before  the  AFC  sifnal  reaches  the 
crystal,  by  the  insertion  of  resistance  strips,  mode-dampening  fins, 
or  ferrets  slugs  into  the  attenuator.  In  the  proper  orientation  and 
position  in  the  guide,  these  act  like  low-pass  filters  in  that  the 
harmonics  are  attenuated  more  than  the  fundamental  component  in  the 
transmitter  pulse.  However,  using  the  double-balanced  or  "four-crystal" 
mixer,  aU  harmonics  of  even  order  generated  in  the  crystals  are 
balanceo  out.  Similarly,  any  troublesome  TR  leakage  power  and 
resultant  transients  are  likewise  balanced  out.  As  the  second  harmonic 
is  the  only  one  with  a  large  enough  amplitude  to  affect  the  AFC  lock-on, 
we  shall  not  be  concerned  with  the  third  harmonic  and  other  higher 
order  harmonics  of  the  odd  integer  type  (which  are  not  taken  care  of 
in  the  balanced  mixer).  Even  if  the  odd  harmonics  present  a  problem, 
these  will  be  blocked  out  by  the  low-pass  filter  described  above. 

c.  Signal  channel 

The  heart  of  the  signal  channel  is  the  IF  preamplifier  and  IF  ampli¬ 
fier  circuits.  The  overall  signal  receiver  bandwidth  has  been  selected 
as  2.0  me  on  the  basis  of  making  a  compromise  between  maximum  sjgnal- 
to-noise  ratio  and  an  allowance  for  frequency  drift.  The  maximum 

1  2 

praetical  signal-to-noise  ratio  is  usually  obtained  at  B  •  Thus, 

for  maximum  signal-to-noise  ratio  and  t  •  1  p  sec,  the  bandwidth 
would  be  1,2  me.  However,  the  tong  term  operation  of  the  system 
necessitates  a  consideration  of  circuit  drift  due  to  component  aging. 

This  is  accomplished  by  deviating  from  maximum  signal-to-noise 
bandwidth  and  increasing  the  bandwidth  to  2  me.  It  may  be  necessary 
that  the  bandwidth  he  reduced  somewhat  in  conjunction  with  maintaining 
the  gain  and  bandwidth  requirements  of  the  AFC  IF-amplifier.  It  may 
also  be  noted,  in  defense  of  the  wider  bandwidth  system  (2  me),  that  it 
costs  very  little  in  minimum  detectable  signal  and  affords  the  advantages 
of  greater  pulse  fidelity  and  reduced  criticalness  in  LO  tuning  and 
automatic  frequency  control, 

111  keeping  with  an  overall  system  simplicity,  it  is  advantageous  to 
use  synchronous  single-tuned  stages  in  the  main  IF  amplifier  as  part  of 
the  preliminary  design  criteria.  In  addition  to  being  a  simple  device, 
the  single-tun^  amplifier  is  the  least  critical  of  the  general  type  am¬ 
plifiers. 
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As  Identical  single-tuned  stages  are  cascaded,  the  overall  bandwidth 
(nicasured  between  the  3-db  |>oints)  goes  down  quite  rapidly.  The  over¬ 
all  bar.rtwullh  is  i  elated  to  the  number  of  stages  of  amplification  by  the 
following  fu.  mula.^*^ 


(Overall  bandwidth 


( Handwidth  of  1  stagelx 


The  values  of  the  conversion  factor  -  1  are  given  below,  where 

n  represents  the  number  of  cascaded  stages. 


n  I  1 

-1 

5 

L  6 

7 

8 

9 

J 1 

- _ L_J 

1 

'  0.5! 

1 

0.44 

0.39 

0.15 

0.32 

0.30 

0.28 

The  IF  stages  arc  essentially  Identical  through  the  preamplification 
and  postamplifii atioii  circuits.  Since  the  received  signal  is  essentially 
of  the  same  amplitude  at  all  times,  there  seems  to  be  no  immediate 
need  for  automatic  gain  control  circuits  at  any  point  in  the  amplifier. 

The  omission  of  the  AGC  is  one  more  step  in  the  direction  of  simplicity 
of  design.  This  is  possible  due  to  the  fact  that,  for  this  particular 
application,  the  receiver  is  always  at  a  fixed  distance  from  the  reflecting 
target  (earth).  This  means  that  the  echo  signal  is  always  at  a  fixed 
magnitude,  hence  there  is  no  variation  in  received  signal  which  might 
necessitate  gain  control.  It  is  important  to  point  out  that  using  AGC 
with  transistor  amplifiers  is  not  easily  accomplished,  due  to  the 
characterisiii  s  of  transistors.  That  is,  the  absence  of  remote  cutoff 
characteristics  results  in  problems  in  controlling  gain.  Among  these 
problems  arc  signal-handling  ability,  range  of  control,  and  the  sharp¬ 
ness  of  the  translstot  characteristii  change  as  a  function  of  control 
current  (these  factors  are  Intel  related).  Another  factor  is  the  low  level 
of  power  in  the  control  circuits.  Additional  problems  are  encountered 
due  to  the  temperature  sensitivity  of  transistors.  However,  in  an  effort 
to  broaden  the  application  of  the  altimeter  for  other  space  vehicles. 

It  should  be  noted  that  some  of  these  problems  may  be  circumvented 
through  the  use  of  eli-ctrically  coniiolleu  attenuators,  having  low 
minimum  insertion  loss  and  o|>erating  the  transistors  with  fixed 
operating  points.  Although  these  pioblems  are  critical,  it  is  felt  that 
the  development  time  would  not  be  considerably  lengthened  if  AGC  was 
added. 


(1) 


The  relationship  used  in  the  case  of  the  AFC  IF  amplifier  is  an 
approximation  to  this  exact  formula  and  is  more  accurate  as  the 
number  of  stages  is  increased.  Therefore,  the  conversion  factor 


could  he  used  here  in  place  of 
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d.  Automatic  frequency  control 

The  automatic  frequency  control  unit  consiit  of  three  sections; 

(1)  the  IF  amplifier,  <2)  the  discriminator  circuit,  and  (3)  the  d-c 
amplifier  and  sweep  circuit. 

(1)  iF  amplifier 

The  number  of  stages  of  amplification  will  be  kept  at  a  minimum 
in  an  effort  to  preserve  bandwidth  while  maintaining  an  adequate  level 
of  amplification.  To  nvoid  degrading  the  overall  receiver  bandwidth 
below  2  me,  a  6  me  single-stage  IF  bandwidth  has  been  selected.  This 
bandwidth  is  wide  enough  to  ncrmit  a  sufficient  number  of  stages  for 
required  amplification.  The  overall  bandwidth  of  the  amplifier  is 
related  to  the  number  of  stages  and  the  single-stage  bandwidth  by  the 
following  formula: 

Overall  bandwidth  -  Smgle-sUge  band_wldth 
1.2  <n) 

where  n  represents  the  number  of  stages.  From  the  above  formula 
the  maximum  number  of  stages  to  be  utilized  for  the  AFC  IF  amplifier 
are  computed: 

Single-stage  bandwidthi  ^  f  1  1  * 

"  [-qferairtmiawiani — J  ='  LtrJ 

n  *  6.25 

or  the  closest  integer  value  less  than  the  computed  value  which  would 
be  6,  Also  the  max.mum  number  of  stages  to  be  utilized  here  without 
degradation  of  bandwidth  below  2  me  would  be  6.  However,  it  turns 
out  that  6  stages  will  not  be  necessary,  as  adequate  gain  is  obtained 
from  fewer  stages  of  amplification.  A  trade-off  between  gain  and 
bandwidth  is  necessary  to  facilitate  best  operation  of  the  AFC  circuit. 
The  IF  amplifier  section  will  be  built  around  2N502  transistors  (or 
equivalent)  with  an  overall  gain  of  approximately  20db.  The  number 
of  stages  of  IF  amplification  will  not  exceed  2, 

(2)  Discriminator 

The  output  of  the  IF  amplifier  is  fed  into  a  discriminator  circuit 
whose  peak-to-peak  separation  is  approximately  2  me.  Since  there 
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it  some  production  variation  in  the  maximum  response  frequency  of 
the  IF  amplifiers  and  in  the  crossover  frequency  of  the  discriminator 
(due  to  manufacturing  variations  in  the  tuning  coils  and  condensers), 
provisions  are  usually  made  for  the  ready  shifting  of  the  crossover 
point  over  a  small  internal,  corresionding  to  the  anticipated  maximum 
departures  from  design  center  values.  Preservation  of  the  symmetry 
of  the  discriminator  characteristics  is  of  prime  Importance  in  the 
design  and  performance  of  the  discriminator  network.  If  the  dis¬ 
criminator  curve  is  asymmetrical,  zero  output  is  not  produced  at  the 
crossover  point  but  at  some  other  frequency. 

It  IS  essential  to  the  o  >eration  of  the  discriminator  that  the  band¬ 
width  of  the  pi  eceding  IF  amplifier  be  broad  enough  so  that  the  overall 
peak-to-peak  separation  is  not  decreased  from  the  value  determined 
by  the  main  IF  amplifier  requirements.  In  other  words,  the  IF 
amplifier  must  not  "bottleneck**  the  discriminator  bandwidth.  This 
IS  wh>  It  is  necessary  to  make  the  AFC  IF  bandwidth  3.6  me,  which 
is  sufficiently  large  so  that  discriminator  symmetry  is  unaffected, 

Hith  an  overall  bandwidth  <tf  3.6  me,  it  can  be  seen  (overall  bandwidth 
equation)  that  a  maximum  of  i  stages  of  IF  amplification  are  required. 

It  should  be  noted  that  this  is  in  sharp  contrast  to  the  b  stages 
computed  to  be  neces^ar)  for  an  overall  bandwidth  of  2  me. 

The  detection  of  a  change  of  frequency  by  the  discruninator  is 
accomplished  b\  a  transformiT,  which  by  special  connections,  distorts 
the  frequenc)  change  into  a  varying  voltage  amplitude  change.  After 
distortion,  the  output  voltage  of  the  discriminator  will  be  capacitor 
coupled  to  a  two-stage  video  amplifier  with  low  gain,  which  in  turn 
fcvds  into  a  diode-ithantastrun  control  circuit.  Solid-state  diodes 
will  be  used  in  the  dis<  riminator. 

(3)  DC  amplifier  and  klystron  sweep  circuit 

For  AFC  puriK)bes,  it  is  necessar  y  that  the  control  circuit  have  a 
.self-triggering  gencr.itor  to  start  the  sweeping  cycle;  which  consUts 
of  a  linear  downsweep  of  the  plate  voltage,  followed  by  a  quick  recoveries 
and  a  quiescent  period  while  awaiting  the  next  trigger.  With  the  trans¬ 
mitter  turned  off,  the  plMiitustrori  plate  will  eAveute  a  senes  of  saw¬ 
tooth  downward  sweeps,  se|>arated  by  moderately  long  recovery  periods. 
When  the  transmitter  is  turned  on,  pulses  appear  at  the  discriminator 
output  and  the  sweep  will  be  stopped  as  soon  as  the  discriminator 
crossover  frequency  is  passed.  At  the  same  time  positive  pulses  ap¬ 
pear  at  the  output  of  the  disci  immator  video  amplifier.  These  pulses 
are  coupled  to  the  shunt-dbide  detector  and  cause  it  to  develop  a  nega¬ 
tive  voltage.  As  soon  as  the  voltage  across  the  diode  becomes  equal  to 
the  vrdtage  on  the  phantastnm  control  grid,  the  current  flow  in  the  in¬ 
put  resistance  ceases  and  the  downward  sweep  of  the  plate  therefore 
stops.  Thus,  the  system  is  hx'kcd. 
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The  sweep  rate  of  the  phantastron  is  given  by 


Ec-* 


“nrTir 


where 

■  cathode  voltage,  dc 
e^  •  grid  voltage,  RM^  (control) 
e^_  >  plate  voltage,  RMS 
R^  •  shunt  resistance  across  shunt  diode 
R|  •  input  resistance  to  control  grid 
Cj  •  coupling  capacitor  between  control  grid  and  plate. 

The  amount  of  voltage  that  appears  on  the  oscillator  repeller  is  a 

function  of  the  output  resistance  divider  and  the  sweep  rate, _ £. . 

dt 

The  prim<  requirement  of  the  control  circuit  is  that  the  frequency  shif  s 
in  the  transmitter  must  be  "followed"  by  the  local  oscillator  with  a 
sufficiently  small  time  lag. 

e.  Ranging  channel 

The  pistamplification  signal  is  taken  from  the  receiver  and  fed  into 
a  ranging  channel  fur  the  purpose  of  computing  the  range  from  satellite 
to  earth.  The  counting  circuit  is  initiated  by  a  trigger  pulse  from  the 
modul.-it.ir.  The  incoming  signal  from  the  receiver  will  stop  the  count¬ 
ing  element.  Most  of  the  counting  circuitry  (which  includes  a  clock) 
will  be  incorporated  as  an  integral  part  of  the  computer,  which  is  carried 
in  the  vehicle.  This  computer  is  described  in  detail  In  another  section 
of  the  report. 

The  entire  receiving  system  has  been  designed  on  a  preliminary 
basis  with  the  idea  of  developing  a  prototype  with  state-of-the-art  com¬ 
ponents  and  present  circuit  design  technology.  Simplicity,  rather  than 
complexity.  Is  the  iiaramuunt  philosophy  in  the  design  of  the  whole  sys¬ 
tem;  therefore,  this  same  idea  has  been  followed  implicitly  in  the  re¬ 
ceiver  design. 


Kll  11647 


lV-27 


7,  RF  Transmission  System 

The  r'f  transmibfiion  system  will  consist  of  standard  microwav< 
components  whtch  are  commercially  available  and  meet  mtlitarv  speci¬ 
fications,  A  block  diagram  of  the  r-f  transmission  system  is  shown  in 
Fig*  tv*  9.  Representative  components  that  may  be  purchased  are  listed 
below. 

Uirectional  coupler--Microwave  Associates  Model 

Duplexer  with  .tS<tb  APC  coupler- -Microwave 

Associates  Model 

AFC  attenuator  (l6db)--Microwave  Asmh  lates  Model 

Double-balanced  mixer--Microwave  Associates  Model 

TR  tube  (tunable)- -Microwave  Associates  Model 

Load  isolator'-Microwave  Associates  Model 

Crystals  (4)- 'JAN  IN53B 

Local  08cillator--Varian  Associates  Model 

All  of  the  above  components  are  requii  ed  to  produce  an  operating 

r*f  transmission  system  with  the  exception  of  the  directional  coupler 
which  IS  included  for  measuring  transmitter  power  output  during  test 
and  final  checkout.  A  toad  isolator  is  inserted  near  the  magnetron  to 
isolhte  the  magnetron  from  any  load  mismatch  b>  absorbing  (x>wer  re¬ 
flected  back  toward  the  magnetron.  The  benefits  that  are  derived  from 
the  use  of  an  isolator  include  improved  magnetron  spectrum,  improved 
AFC  performance,  and  reduction  or  elimination  of  magnetron  pullings 
moding.  skipping  and  biKirking, 

The  microwave  assembly  is  capablt  of  operating  in  the  34,500-  to 
J5,200-mc  region.  The  transmitting  VSV^  K  will  he  a  nominal  1.30  and 
the  receiving  VSWK  3.00.  The  overall  insertion  loss  will  be  approxi¬ 
mately  3,0  db. 

6.  Antenna  Design 

The  antenna  is  a  paraboloid;ii  reflei  tor  48  in*  in  diameter.  The 
operating  frequency  is  35,000  mi.  The  antenna  will  be  designed  to  pro¬ 
duce  a  uniform  amplitude  and  phase  distribution  to  obtain  a  maximum 
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Fif;.  t«  Block  Diagram  of  RF  Transmission  System 
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de*i(n  gain  of  50.3  db.  The  factors  affecting  gain  will  be  given  primary 
consideration  in  the  design  of  the  antenna.  These  factors  are: 

(1)  Oepeod'  tice  of  the  optimum  angular  aperture  on  the  feed 
pattern, 

<2)  Backlobe  Interference  effect. 

(3)  Phase-error  considerations. 

The  beamwMth  and  sidc-lolie  characteristics  as  well  as  the  gain  are 
rrln*fwt  fjeiri  •iihirltiutions.  The  antenna  will  be  designed 

to  maintain  low  side-lobe  levels,  with  care  given  to  the  field  distribution 
in  regard  to  the  discontinuity  at  the  edge  of  the  aperture.  The  antenna 
will  have  vertical  polarization. 

9.  Radome 


Radomes  are  usually  Installed  for  aerodynamic  streamlining  and 
protection  from  weather.  These  two  factors  do  not  exist  for  the  radar 
altimeter  when  operated  in  space  vehicles.  The  operation  of  a  radar  is 
considerably  improved  whenever  it  is  not  required  to  transmit  through 
a  radome,  A  radome  adversely  affects  radar  operation  by  absorbing 
some  of  the  transmitted  r-f  energy  incident  upon  it.  Reduction  in 
range  results  from  attenuation  of  the  transmitted  and  received  signals, 
in  extreme  cases  (if  sufficient  reflected  energy  finds  its  way  back  to 
the  t'  ai.smltter),  total  blanking  of  the  receiver  or  severe  range  reduction 
can  result.  In  addition,  changes  in  the  transmitted  frequency  due  to 
pulling  must  be  followed  by  the  automatic  frequency  control  (AFC)  in 
such  a  way  a.'  to  maintain  a  constant  difference  between  them  (the  IF 
frequency). 

Normally,  the  AFC  is  strung  enough  in  the  case  of  a  relatively  stable 
magnetron  to  follow  larger  frequency  changes  than  those  ordinarily  pro¬ 
duced  by  radomes.  However,  the  Arc  circuit  Involves  a  time  constant 
that  may  be  considerably  longer  than  the  interval  required  for  the  change 
caused  by  the  radome  reflection.  Therefore,  elimination  of  the  satellite 
radome  will  P‘  mit  full  utilization  of  the  radar  range  by  elimination  of 
radome  attenuation  losses  (0.5  to  0,7  db).  Also,  elimination  of  radome 
reflections  will  contribute  to  more  stable  AFC  and  magnetron  operation. 
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The  band  radar  detcrloed  In  thla  aeetion  was  compared  witli 
the  performance  charaetertetlca  of  and  X  band  sjstems.  The 

band  radar  was  selected  for  this  altimeter  function  because  it  produced 
the  narrow  beam  width  required  to  minimise  the  error  caused  bjr  the 
antenna  beam  projeuled  on  the  earth's  curvature.  The  and  X  bands 

would  have  required  antennas  with  considerably  larfsr  diameters  than 
the  band  system.  The  band  provides  the  larger  amount  of  gain 

for  a  given  antenna  diameter.  The  gain  for  a  48-lnch  antenna  at 

bt  nd  is  SO.  3  versus  39  for  X  band.  Also,  backscatter  gain  from  water 
is  considerably  greater  at  band  than  at  tlie  other  two  bands.  When 

compared  to  X  band,  this  backscatter  gain  advantage  is  10  db.  How¬ 
ever,  receiver  sensitivity  at  X  band  is  usually  3  db  greater  than  K 
band  due  to  more  sensitive  crystals,  (Fig.-  IV-10).  * 

The  selection  and  reliability  of  components  at  X  band  la  admittedly 
greater  than  at  K.  band  because  X  band  has  been  a  popular  frequency 

a 

for  airborne  and  ground-based  applications.  These  components  in¬ 
clude  the  magnetron  and  r-f  plumbing  system.  However,  components 
and  subat.semblies  affected  by  the  choice  of  operating  frequency  such  as 
the  receiver,  AFC  (except  the  klystron)  and  modulator  are  not  frequency 
sensitive  aor  do  they  faver  either  X  or  band.  Thus,  the  choice  cf 

frequency  band  is  not  restrictive  as  far  as  these  components  are  con¬ 
cerned. 

There  is  no  apparent  weight  or  power  consumption  advantage  by 
using  either  frequency  band  because  the  component  consuming  almost 
all  of  the  power  and  contributing  the  mo.at  weight  is  the  modulator 
which  Is  not  frequency  sensitive. 

The  length  of  time  the  magnetron  wilt  be  operated  in  the  transmitting 
mode  is  well  below  its  rated  lifetime.  This  short  operating  time  should 
enable  the  magnetron  to  operate  for  the  life  of  the  satellite.  The  reliabll 
Ity  of  the  entire  radar  system  is  analyxed  in  Section  VI,  Reliability 
Analysis. 

The  overall  radar  system  error  Is  a  combination  of  the  location 
of  the  target  within  the  transmitted  pulse  duration  and  the  delays 
inherent  in  the  receiver  system.  The  error  contributed  by  the  pulse 
width  is  1. Op  sec.  The  receiver  delay  is  normally  about  0. 1  p  sec 
for  IF  amplifiers  using  tubes.  For  the  IF  amplifier,  which  will  be 
using  translators,  the  IF  delay  may  be  as  large  as  1,0  to  3,0  p  sec. 

As  a  result  of  these  combined  errors,  it  is  expected  that  the  total 
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radar  ayatam  raa(t  jnaaaiudnit  arrdr  can  b«  aa  larga  aa  0.3  mi. 
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liri  POMlbJj  to  nompanaata  for  portions  of  tha  arror  and  thus 
obtain  an  trror  that  ta  Iom  than  0*3  ml, 

DFoSjJnVilSlu?*  *?l!u1****  j*  'oiwtruction  and  tasting  of 

KvrtopmaStPiuu^  *  diseuaaed  and  shown  in  Saetton  ^ 
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B.  IR  HORIZON  SENSOR 

One  melhud  of  determining  the  vertical  direction  from  a  vehicle 
orbiting  the  earth  is  to  determine  three  or  more  polnta  on  the. earth's 
circumference  as  seen  from  the  oibiting  vehicle.  This  can  be  done  by 
locating  the  earth-space  interface  with  one  or  more  telescopes.  If  this 
determination  is  to  be  made  both  day  and  night,  the  visible  ^rtipn  of 
the  spectrum  cannot  be  used,  and  IR  linfrared)  sensors  must  be  used. 
These  are  passive  devices  which  detect  the  discontinuity  between  the 
cold  space  background  (approximately  4*  K)  and  the  much  warmer  earth 
and  its  atn.osphere  (approximately  215*  to  300*  K).  The  total. radiation 
from  a  perfect  radiator  (wliich  the  earth  and  its  atmosphere  closely 

approach)  .at  220*  K  is  1.33  x  10*^  watts  per  stcradian  field  of  view  per 
-cm  of  collecting  surf.a'cc,  while-that  from  a  perfect  radiator  at  4?  K  is' 

only  1  X  10'^  times  this,  or  1.45  x  10*®  watts/steradlan/cm^.  Thus 
ther-  is  an  enormous  differcnco  in  radiation  received  as  the  e'av  th's 
horizon  is  scanned.  Tliia  enables  the  earth-space  discontinuity  to  be 
located  fairly  accurately,  so  that  th“  local  vertical  can  be  determined 
to  an  accuracy  of  about  lO.l  degree. 

An  IH  horizon  scanner  operitting  in  the  vehicle  considered  here,  will 
bu.re<|uircd  to  oper.ite  over  a  considerable  range  of  environmental 
conditions.  The  unit  must  be.  flexible  in  its  look  angle  capabilities  since 
it  is  re(|uired.to.opj'rate  at  altitudes  of  300  to  6000  naut  mi.  The  power 
re<|uirem*;nts  and  reliability  must  be  compatible  with  the  one  year  oper- 
•iling  life  l■“‘■ui^•cment.  These  requirements  place  somewhat  contra¬ 
dictory  demands  upon  the  unit  in  that  the  variable  altitude- re<|Uirement 
indicates  a  need  for  a  variable  Took  angle  or  scanning  detection  system, 
while  the  operational  life,  of  one  year  in  a  space  environment  indicates 
that  a  syst-.'m  'vlth  a  fixed  field  of  view  and  no  moving  parts  is  desirable. 
The  latter  type  of. systdih,  having  no  moving  parts,  might  be  expected 
to  nave  both  reduced  power  re<|Ulrcments  and  increased  reliability  as 
compared  with  scanning  system.s. 

An  IR  horizon  scanner  observing  tlie  earth  from  a  position  outside 
tlie  atmosphere  is  required  to  detect  t'le  earth  as  it  appears  against 
a  4*  K  space  background  and  to  diccriminatc  the  earth  from  the  sun, 
mr/on  and  stars.  In  the  c.a8e  of  these  celestial  bodies  Ihe  following 
lists  some  of  the  major  infrared  sources  as  well  as  their  approximate 
irradiances  on  the  earth  and  their' apparent  temperatures. 
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Celestial  Body 

Irradiance 

(w/cm*) 

3  to  13.5 p 

Temperature 

(•K) 

Sun 

9.3  X  10** 

5,300 

Moon  <full). 

1.6  X  10*® 

5,800 

Saturn 

5  X  10*** 

5,800 

Jupiter 

1.7  X  10*** 

5,800 

Mars 

1.7  X  10*** 

5,800 

Venus  (at  brigntest) 

1.1  X  10**° 

5,800 

Mercury 

l.l  X  10**° 

5,800 

Sirius 

9.5  X  10*** 

10,600 

Betelgeuse 

3.2  X  10*** 

2,810 

Canopus 

4.5  X  10*** 

7,100 

Antarcs 

3.4  X  10*** 

2,900 

Arctunis 

3,3  X  10'** 

4,900 

Aldeharan 

2.7  X  10*** 

4,300 

3Centauri 

1,2  X  10*** 

21,000 

Except  for  the  sun  and  inoon  It  ts  obvious  that  very  few  of  these 
bodies  will  be  observed  by  a  system  bavins  a  sensitivity  lowerdhan 

1  X  10*  watts/cm  .  If  spectral  filtcrln*  is  Included  in  the  equipment, 

,a  further,  reduction  in  threshold  sensitivity  can  be  utilized.  For  the 
.5800*  K  sources,  n2?>'of  the  energy  is  of  wave  length  shorter  than  t,8p 
and  "over  981li  of  the  energy  is  of  wave  length  shorter  than  3.2  p ,  l<or 
the  coolest  source  listed  above  <2810*  K),  647t  of  the  energy  radiated 
is  of  wave  length  shorter  than  t.8p  and  Ii77«  is  of  wave  lengtli  siuirier  man 
3,2  M  .  On  the  other  hand,  of  the  radiation  from  the  300*  K  earth,  only 
0,02%  is  of  wave  length  shorter  tlian  3. 2  p.  Thus  a  filter  having  a  short 
wave  length  riitoff  somewhere  between  t.8P  and.3,2  M  would  have  a  iicgr 
ligible  effect  on  the  earth  radiation  received,  but  it  would  virtually 
eliminate  the  stars  and  planets  as  sources  of  radiation.  Thus  a  sen¬ 
sitivity  of  1  X  lO"**^  to  1  X  10***  watts/cm^  in  the  2  t  to  13-P  region 
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appears  adequate  to  enrjre  that  only  the  sun  and  moon  would  be  observed 
in  the  space  background.  However,  the  sun  can  be  discriminated  against 
by  means  of  Its  brightness,  and  both  the  sun  and  moon  can  be  dlaerlm* 
Inated  against  as  a  result  of  their  angular  size  as  seen  from  the  orbiting 
vehicle.  Calculations,  to  determine  the  sensitivity  re<^ired  to  detect 

the  earth  with  a  reasonable  field  of  view,  show  that  1  x  10***  watts/cm^ 
is  in  an  order  of  magnitude  more  sensitive  than  is  required. 

The  IR  radiation  received  from  the  earth  will  consist  of:  (1)  reflected 
and  scattered  sunlight,  (2)  emission  from  the  earth  as  modified  by 
atmospheric,  ulisorption  and  (3)  emission  from  the  atmbsphera.  The 
earth  Itself  can  be  considered  to  be  approximately  a  sphere  with  a 
polar  radius  of  3't20;15  naut  mi  and  an  equatorial  radius  of  3441,73 
naut  mi:  radiating  as  a  gray  body  of  high  emissivity  and  a  temperature 
near.  300*  K,  Tiie  causing>discontinuities,.as  the  earth  is  seanned  by 
an  infrared  telescope,  will  be  hot  sources  and  adjacent  extended  areas 
(which  are  either  at  different  temperatures  or  which  have  a  different 
emissivity  at  the  spectral  wave  Icn'gtiis  received  by  the  obscr.'ins  equip¬ 
ment),  'Examples  of  hot  sources  are  forest  fires,  steel  furnaces,  mis¬ 
sile  launches  and, to  a  lesser  degree, extended  structures  heated  either 
internally  or  externally  to  a  temperature  above  the  background.  In  the 
case  of  forest  fires, the  sources  will  he  extended, and  in  the  case  of  the 
lower  orbit, this  could  (ill  the  field  of  view.  Such  a  source  would’.have 
a  characteristic  temiierature  of  1000*'F  black  bod>’  and  could  exceed  the 
threshold  level  of  tlie  e(|Uipment  by  as  much  as  three  orders  of  magni¬ 
tude,  Steel  furnaces  and  missile  launches,  although  more  intense  (2000* 
to  5000*  K),.arc  physically  much  smaller  and  will  not  fill  the  field  of 
view.  In  the  case  of  a  missile  launch,  the  duration  is  short  and  any 
effect  would  be  transient  in  nature.  In  either  of  the  latter  cases  the 
change  in  energy,  would  not  be  sufficient  to  be  detected  by  the  equipment, 
particularly  if  a  filter-having  a  short  wave  length  cutoff  (3  it)  is  used. 

Representative  of  the  .adjacent  areas  which  are  at  different  tempera¬ 
tures  and/or  wliich  have  different  emiasivltles,  are  the  water-land  inter¬ 
faces,  Here.botli  can  be  extended  sources  and  fill  the  field  of  view  of  the 
equipment.  Under  these  conditions  the  minimum  discontinuity  which  can 
be  detected,  tlie  noise  equivalent  temperature  (NET)  of  the  system,  is 
expressed 

l.II  T^'T. 

NET*  - - ii. 

.T„»*n2 

where 

T  »  Temperature  of  the  source 
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T,  ■  Averafe  atmotpherlc  trantnlaaion 

A  ‘ 

2 

Aq  *  Oataetor  area,  in  cm 
•  «  Emiaalvi^  pt  the  aouree 

-■  Average  optical  ayatem  tranamiaaion 

1/2 

D*  «  Specific  detectivity  of  the  detector,  incm(cpa)  /watt 


D  •  Collector  diameter,  in  cm 
p  ■  Angular  reaolution,  in  radiana 

t^  ■  Dwell  time  of  the  detector  on  one  reaolution  element 

2 

•  Spectral  radiance  of  the  aouree,  in  watta/cm  /cm 
X  •  Wave  length  variable. 


The  actual  NET  of  a  particular  ayatem  will  not  be  computed  until  later 
when  the  ayatem  parametera  have  been  determined.  However,  It  can 
be  aeen  from  the  equation  that  obaerved  temperature  dlacontlnulty  can 
be  an  actual  temperature  difference,  a  difference  in  emiaaivity,  or  a 
combination  of  both.  Furthermore,  the  actual  value  of  temperature 
difference,  on  the  ground  which  would  be  obaerved,  will  vary  with 
atmoapherlc  tranamiaaion  and  the  relative  contribution  of  earth  radia¬ 
tion  and  atmoapherlc  radiation  (aa  modified  by  the  aelective  abaorption 
of  the  atmoaphere).  it  la  evident  that  diacbntihuitiea,  of  aufficient  mag¬ 
nitude  to  be  detected,  can  exlat  at  earth-water  interfacea  and  can  pro¬ 
vide  obaervable  aignal  fluctuationa.  Therefore,  it  ia  neceaaary  to  make 
the  ayatem  aufficiently  inaenaitive  ao  aa  not  to  detect  the'ae  diacontinui- 
tiea. 


The  black  body  radiation  from  the  earth  will  be  modified  by  the  atmos¬ 
phere  through  which  this  radiation  paaaea.  The  atmoapheric  abaorption 
banda  arc  dependent  upon  the  constituents  of  the  atmosphere.  At  the 
lower  altitudes  these  include:  Nj,  Oj,  CO^,  Ne,  He,  Hj,  Xe,  Ra,  CH^, 

NjO,  Oj,  SOj,  CH2<-'.  Ij.  RH.,;  CO,  HDO,  H^,  NO.  OH  and  NHj.  Of 
these,  COj,  H^O,  NjO  and  Oj  are  of  major  importance  in  the  absorp¬ 
tion  and  reradlation  of  infrared' energy  at  wave  lengths  to  20  p,. 

The  black  body  IK  energy  radiated  from. the  earth  is  absorbed  at 
selected  wave  lengths  by  these  constituents  of  the  atmoaphere  and  re- 
radiated  at  wave  lengths  and  intensities  representative  of  the  tempera¬ 
ture  and  pressure  of  the  absorbing  gas.  This  results  in  some  spectral 
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bind*  of  energy  (radiated  by  the  earth)  being  pasted  with  minimum, 
attenuation  (so-called  atmospheric  "windows'')  while  other,  bands  of 
energy  are  totally  absorbed.  In  the  latter  spectral  bands,  the  energy 
received  by  the  equipment  outside  of  the  atmosphere  will  have  the  form 
of  black  body  radiation  of  the  altitude  temperature  where  the  atmosphere 
is  viewed  as  opaque.  For  the  principal  water  absorption  bands,  this 
will  be  at  ah  altitude  near  the  tropopause  ffor  a  standard  atmospnere 
this  corresponds  to  an  altitude  of  approximately  36,000  ft,  with  an  ap¬ 
parent  temperature  of  213*  K).  For  other  absorption  bands  this  apparent 
tem|)erature  will  vary  depending  on  the  viewing  angle,  which  determines 
tiie  apparent  attitude  at  -wliicli  the  atmosphere  becomes  opaque.  If  the 
altitude  is  36,000  to  82,000  ft,  the  tcmt>crature  will.be  near  215*  K,  For 
lower  level  clouds,  tlic  radiation  from  the  eartli  will  l>e  absorbed  or 
reflected  and  the  radiation  observed  from  above  will  have  the.character- 
istlc  of  the  clouds  temperature  (wliicli  may  be  assumed  to  be  that  of  the 
adjacent  air),  Tims  tlie  tlierm.al  radi.atlon  observed  from  above  will 
have  an  apparent  temiieratnre  which  can  be  expected  to  vary  from  ground 
temiwrature  to  215*  K. 

At  the  shorter  wave  lengths,  reflected  .sunlight  is  a  most  important 
source  of  observed  energy.  This  energy  may  be  reflected  from  the 
surface  of  the  eartli  or  from  clouds  and  particles  in  the  atmosphere. 

In  all  cases  it  will  h.ave  the  radl.ation  characteristics  of  a  6000*  K  black 
body,  as  modified  by  I  lie  intervening  atmosphere.  At  wave  lengths 
longer  than  3p,  the  sunlight  reflected  from  clouds  will  be  reduced  by 
an  order  of  magnitude  from  the  peak  value. 

Thus,  in  summar.s',  an  IK  attitude  control  unit  must  detect  and  locate 
accurately  the  discontinuity  between  a  4*  K  background  and  a  215*  to 
300*  K  black  boil}  at  three  or  more  points  .ibout  tile  periphery  of  the 
body.  The  precise  position  of  the  discontinuity  detected  can  lie  at  the 
edge  of  tlie  eartli  or  in  tlie  atmosphere,  de|>eiidlng  on  the  weather  and 
threshold  sensitivity  and  spectral  band  of  tlie  equipment.  The  maximum 
altitude  of  tlie  observed  discontinuity  for  the  s|>ectral  band  of  interest 
will  be  near  the  tropopause,  except  for  liigh  altitude  clouds.  In  the 
standard  atmosphere  the  tropop.iuse  is  at  36,069  ft,  but  In  extreme  con¬ 
ditions  the  actual  altitude  can  be  as'liigli  es  10  mi  (comparable  in  height 
witli  the  maximum  altitude  of  cumulus  cloiids).  Thus  the  maximum  error 
in  the  local  vertical,  rcsiiiltng  from  the  iincertainty  as  tp  the  location 
of  the  discontinuity,  is  less  than  0.2  deg  for  the  300-ml  orbit  and  approxi¬ 
mately  0.05  deg  for  the  fiOOO-nii  orbit. 

1.  Current  .Systems. 

The  IK  horizon  sensors  currently  developed  are  as  follows: 

(1)  .Scanners  which  sweep  a  360  deg  path  and  determine  the  posi¬ 
tion  of  the  center  of  the.inilse,  resulting  from  scanning  the 
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earth.  By  using  two  such  scanners  (sweeping  the  earth  in 
perpendicular  directions)  the  local-vertical  can  Iw  estab* 
lished.  An.example  of  this  type  of  scanner  is  the  Barnes 
Model  13-200,  .which  was  used  on  the  Tiros  satellite.  Some¬ 
what  the  same  general  principles  are.used  in  the  Bsmes. 
Models  13-100,  13-132  and  13rl42  horizon  sensors,  and  the 

ITT  scanner.* 

(2)  Scanners  which  sweep's  cone,  the  instantaneous  field  of  view 
being  displaced  from  the  veHieal  by  an  angle  corresponding 
to  the  angle  subtended  by  the^radlus  of  the, earth  for  the  alti¬ 
tude  of  operation.  The  vertical-ia  determined  when  the  sweep 
is  tangential  to. the  earth  and  does  not  cut  scross  the  horizon 
discontinuity  (i.e.,  the  Advanced  Technology  Labs  scanner 

for  the  Discoverer  satellite).*^^ 

(3)  Horizon  sensors  which  scan  a  limited  aector  about  the  horizon, 
detect  the  discontinuity,  and  then  center  the  sean'so'the  line 

of  sight  is  directed  to  a  point  on  the  horizon.  When  the  in¬ 
formation  from  a  minimum  of  three  such  units  is  processed, 
the  local  vertical  can  be  determined  (i,e„  the  Barnes  Model 

13-160  sensor).*^^ 

(4)  Fixed  optical  systems  which  use  multiple  detectors  to  center- 
the  position  of  the  earth. 

the  advantage  uf  class  1  systems  above-is  that  the  initial  iwlative 
position  of  the  earth  need  not  be  accurately  known,  In  one  axis,  the 
earth  can  have  any  relative  poaitlon,  while  in  the  other  two  axes,  it  is 
only  necessary  that  the  earth  be  viewed  sometime  during  the  swMp. 
Errors  or  variation  in  altitude  change  only  the  pulse  length  of  the  signal 
to  be  processed,  with  no  mechanical  repositioning  of  the  optics  required. 
The  disadvantages  of  such  a  system  include:  (1)  the  necessity  of  using 
two  such  equipment  and  (2)  the  inclusion  of  any  necessary  sun  protec¬ 
tion  should  a  detector  be  used  which  would  be  damaged  by  viewing  the 
sun,  or  which  has  a  long  recovery  time  and  which  requires  a  large'field 
uf  view  and/ur  very  broad  spectrM  coverage  to  provide  necessary 

^  Horizon  Sensors  for  Vertical  Stabilization  of  Satellites  and  Space 
Vehicles,  M,  tl,.'Arc  and  M;  M.  Mvrlrm'Hroc  Nat  Specialists  Mtg  on 
Guidance  of  Aerospace  Vehicles,  25  to  27  May  1660. 

Attitude  Reference  Devices-for  Space  Vehicles,  i’.  E.  Kendall  and 
R.  E.  Stalcup,  Proc  IRE  48  (4)  765. 

*®*.Horlzon  Scanner  for  Discoverer,, M,  D.  Ewy,  Proc  IRIS  5  (1)  233. 

All  Altitude  Horizon  Sensor  System,  Barnes  Engineering  Company 
Report  REC-424I-SRI,  2  .September  1960. 
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■ensitlvity.  Since  calculations  show  that  a  narrow  spectral  band  is 
inadequate,  the  equipment  will  accept  wave  lengths  which  could  be 
generated  by  earth  discontinuities,  and  data  processing  must  be  such 
a*  to  minimize  the  resulting  errors.  Such  aquipment  has  been  built 
and  nown. 

Of  extreme  importance  in  equipment  of  this  design  is  the  require- 
ment  that  a  spinning  motion  he  maintained  for  the  period  of  operation. 

Not  only  does  this  require  continuous  input  power  but  the  mechanical 
problems  of  providing  seals  and  lubrication  in  a  space  environment 
indicate  questionable  reliability  in  a  satellite  with  a  one  year  operational 
life.  Moreover, some  of  the  advantages  of  this  type  of  system  is  lost 
by  vehicle  restrictions  with  r^-gard  to  the  directions  in  which  the  sensors 
can  iuuk. 

The  class  il  systems  require  either  high  accuracy  in  initial  posi¬ 
tioning  of  the  aatcllitc  or  a  variable  look  angle.  One  such  scan  technique 
is  to  increase  the  look  angle  from  a  fixed  angle  until  a  signal  is  obtained 
or  a  maximum  angle  is  reached.  If  no  signal  is  received  then  the  angle 
is  decreased  until  a  signal  is  received  from  sweeping  across  the  edge 
of  the  earth.  The  local  vertical  is  then  determined  by  orienting  the 
axis  of  scan  and  the  offset  angle  so  the  sweep  is  tangential  to  the  earth. 

If  the  orbit  is  elliptical  this  variation  in  scan  angle  must  be  continued 
or  the  errors  will  increase.  For  the  low  altitude  orbit  a  change  in 
altitude  of  40  mi  would  reduce  the  obtainable  accuracy  by  approximately 
0.50  deg  unless  the  scan  angle  is  adjusted.  For  a  perfect  circular  orbit 
this  would  be  unimportant  but  the  mechanical  problems  of  continuous 
operation  discussed  above  are  applicable. 

The  class  ill  .sy>tums  have  the  advantage  of  combining  a  reasonable 
search  capability,  permitting  error  in  initial  positioning  of  the  vehicle, 
with  high  accuracy  of  vertical  determination  (lO.l  deg)  while  maintaining 
a  minimum  limitation  on  the  va**iation  in  usable  altitude.  After  acquisi¬ 
tion,  thermal  discontinuities  across  the  earth  will  be  outside  the  field 
of  view  and  will  not  introduce  inaccuracies.  Since  a  small  angle  oscil¬ 
lating  scan  can  be  mechanized  using  a  tuning  fork  vibrator  technique 
the  difficulty  ot  continuously  spinning  a  mirror  is  eliminated.  The 
major  disadvantage  of  this  type  system  is  the  requirement  for  at  least 
three  sensor  heads  and  the  necessity  of  providing  appropriate  mounting 
and  field  of  view  for  each. 

The  class  IV  system.s  use  u  fixed  array  to  muiiilain  the  image  of  the 
earth  centered  and  thereby  provide  a  reference  for  the  local  vertical. 
These  ayatema  are  limited  as  to  flexibility  in  altitude  and  accuracy. 
Unless  sophisticated  optical  techniques  are  utilized,  considerable 
"blurring”  of  the  edge  of  the  image  can  occur.  One  approach  to  over¬ 
come  this  sot  rce  of  error  has  been  the  use  of  a  reflecting  cone  optical 
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syitem,  the  eo’called  "inside  nit  scanner"  which  increases  the 
ussble  look  angle  of  the  equi^^nent.  Since  no  mechanical  scanning  is 
used  some  provision  such  as  electronic  switching  must  be  used  to  pro¬ 
vide  an  easfly  amplified  signal  thus  maintaining  the  most  Important 
advantage  oi  such  a  aystem«  its  lack  of  moving  mechanical  parts. 

In  summary,  a  scanning  system,  class  1,  would  be  adequate  fur  a 
short  life  satellite  wl\ere  initial  positioning  accuracy  is  not  possible. 

As  the  operational  life  requirement  is  extended  the  question  of  power 
and  reliability  becomes  increasingly  doubtfbl.  For  a  long  life  fixed 
altitude  orbit  a  fixed  array  or  multiple  fixed  field*of*view  sensors 
appear  more  desirable.  If  high  accuracy  and  a  variable  altitude  orbit 
are  involved  a  system  of  sensors  capable  of  being  continuously  pointed 
at  the  horizon  and  capable  of  tracking  the  horizon  is  required.  For 
the  trajectory  of  interest  it  api!>ears  that  a  horizon  scanner  of  multiple 
sensors  similar  to  those  discussed  under  class  III  above  would  offer  the 
most  promise. 

2.  Recommended  Detector 

The  type  of  detector  to  be  used  in  an  IR  sensor  depends  to  a  large 
extent  upon  the  magnitude  and  spectral  distribution  of  target  and  back¬ 
ground  radiation.  Radiation  from  the  earth,  assumed  to  be  at  a  temper¬ 
ature  of  about  300*  K,  peaks  at  a  wave  length  of  about  lOp,  with  1/4 
of  the  energy  at  shorter  wsve  lengths.  For  high  sltitude  clouds,  assumed 
to  be  at  a  temperature  of  220*  K,  the  radiation  peaks  at  about  13|i  . 

Less  than  0.01%  of  the  radiation  from  a  300*  K  body  and  less  than 
0.0001%  of  the  radiation  from  a  220*  K  body  occurs  at  wave  lengths 
below  3  p.  It  therefore  seems  desirable  to  use  long  wave  length  detec¬ 
tors  even  though  they  may  be  several  orders  of  magnitude  less  sen¬ 
sitive  than  shorter  wave  length  detectors. 

The  detectors  to  be  used  for  this  application  must  be  operated  un¬ 
cooled  because  of  space,  weight,  power  and  reliability  requireinents. 
Uncooled  detectors  which  could  conceivably  be  used  include  lead  sulfide, 
PEM  indium  antimonide  and  thermistors.  Lesd  sulfide  cuts  off  at  about 
3 It  but  has  the  highest  detectivity  of  any  Ih  detector;  PEM  indium  anti¬ 
monide  cuts  off  at  about  6  p  but  has  a  far  lower  detectivity;  and  thermis¬ 
tors  are  generally  made  to  be  sensitive  to  about  19  M  but  have  a  still 
lower  detectivity.  In  weather  when  the  ground  can  be  seen  or  in  over¬ 
cast  weather  in  daytime,  both  lead  sulfide  detectors  and  thermistors 
should  be  suitable.  Because  of  their  long  wave  length  capability,  how¬ 
ever,  thermistors  should  be  suitable  under  some  weather  conditions 
when  lead  sulfide  is  not,  and  therefore  only  thermistor  detectors  have 
been  considered  in  the  calculations  below.  No  attempt  has  been  made 
to  optimize  the  spectral  band  used.  Preliminary  calculations  show. 

Inside-Out  Horizon  Scanner,  J,  Kilpatrick. Proc  IRIS  6(1),  195. 
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however,  that  no  narrow  apectral  band  device  la  suitable,  and  the  broad 
region  from  3  to  t3)<  has  been  used.  No  consideration  has  been  given 
here  to  the  problem  of  an  irdom  except  to  allow  for  its  transmission 
losses:  to  the  scanning  meclianism:  or  to  the  data  processing. 


Assuming  that  the  limiting  noise  of  the  system  is  detector  noise, 
which  seems  quite  reasonable  for  spare  backgrounds,  the  signal-to- 
noise  ratio  is  given  by  the  expression 
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Neglecting’  ntniosphenc  tranMnis.sion  Hinct'  in  thiscuhc  ladtatiuii  from 
the  atrrospheri*  is  considered  m  the  absorption  bands,  assuming 

and  H  to  hr  independent  of  via\e  length  over  the  siM^ctral  region  con- 

y  'j  2 

sidrred,  and  making  the  suhstiiution  A.|.  *  p  K  .  where  p  is  the  angular 
resolution  of  the  sv.stem  in  radians.  «e  get  the  expression 
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Assume  a  type  c  scanner  hnvinf*  a  mirror  that  oscillates  through 
J:adeg  at  a  rate  of  N  cps.  so  that  the  line  of  sight  moves  ±2o  deg  or 
8oN  deg/ sec.  If  the  field  of  view  is  p  radians,  the  average  dwell  time 
of  the  detector  on  eacii  resolution  element  is 


*d  *  B  FN  X  0.01145* 

Iwidth  is  nn 


If  the  frequency  bandwidth  is  made  the  reciprocal  of  this  we  get 
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The  collector  diameter  O  is  liniit*'d  by  the  weight  and  space  limitations 
of  the  system.  A  diamot.’r  of  3  in.  or  7.02  cm,  has  been  assumed.  The 
resolution  p  should  he  as  large  as  |>OKSihle  in  order  to  get  as  high  a 
signal- to- noise  ratii»  and  as  long  a  dwell  time  as  possible.  A  large  p 
means  that  the  ratio  «if  detector  size  to  focal  length  must  be  large, 
and  for  a  dete<-tor  <»f  reasonable  size  and  a  fixed  collector  size,  the 
value  of  p  IS  limited  by  the  minimum  f/number  that  can  be  used.  For 
this  application,  a  lietector  size  of  0,2  x  0.2  cm  and  a  resolution  of 
•  2 

1  X  10  radian  is  considered.  This  gives  an  f/number  of  2.B2,  which 
is  reasonable,  a  focal  length  of  20  cm,  and  for  an  N  of  30  rps,  a  dwell 
time  of  about  2.4  ms  whicls  is  about  equal  to  the  average  thermistor 
time  constant. 

For  simplicity,  the  sky  and  ground  radiation  has  been  divided  into 
four  spectral  bunds,  the  3-  to  5.5>  snd  the  7.5-  to  13-|i  bands  in  which 
the  radiation  is  assumed  to  originate  at  the  ground  or  lower  atmosphere 
and  is  approximated  by  a  280*  K  black  body;  and  the  5.5-  to  7.5-m  and 
13-  to  15-|i  bands  in  which  atmospheric  absorption  and  emission  are 
high  and  therefore  the  radiation  is  assumed  to  come  from  the  high  alti¬ 
tude  atmosphere,  approximated  by  a  220*  K  black  body. 


}  ^ 

•111 

•  S.M  «  I#**  ( 

!.• 

-T.» 

5  ^ 

4> 

•  1.M  ■  1#** 

-ij 

) 

•  II«.«  ■  l#"^ 

T.» 

.!» 

)  ^ 

•  IS. SI  V  !•“* 

II 

>II7.«Iat«*^ 

KR  11647 


IV- 4  3 


Using  these  values,  D**  of  10^  and  of  0.6,  we  get 
Sjj  ■  29.2 

This  is  sufficiently  high  to  show  that  the  system  considered,  though  not 
optimized,  would  give  very  good  results  as  far  as  signal  energy  is  con* 
cerned. 

The  NET  of  the  system  considered,  using  the  formula  previously 
given  and  the  system  parameters  above,  is  0.332*  K.  This  is  far  less 
than  the  mean  ground  temperature  fluctuation  of  about  1.5*  K,  indicating 
that  temperature  variations  on  the  earth  itself  could  be  seen.  The  sys¬ 
tem  must  be  made  less  sensitive  in  order  that  only  the  earth-space 
interface  will  be  seen.  This  can  be  done  most  easily  by  decreasing  the 
collector  diameter  or  narrowing  the  spectral  bandwidth. 

There  is  available  at  the  present  time  an  infrared  horizon  sensor  of 
the  type  required  for  this  application.  It  is  the  Barnes  Engineering 
Company  Model  13-160  Horizon  Sensor.  The  sensor  head  consists 
essentially  of  a  germanium -immersed  thermistor  detector  having  a 
field  of  view  of  0.30  x  3  cieg;  an  oscilluiing  mirror  which  moves  the 
instantaneous  field  of  view  back  and  forth  through  ±2  deg  at  a  nominal 
rate  of  30  cps;  and  a  tracking  mirror  which  moves  through  70  deg  at  a 
rate  of  12  deg/ sec  to  locate  the  earth- space  discontinuity.  Three  or 
four  of  these  sensor  heads  are  used  w'ith  an  electronics  unit  to  form 
the  complete  attitude  sensor.  The  tracking  mirror  of  each  head  is  driven 
by  a  motor  so  as  to  center  the  oscillating  field  of  view  at  the  earth- 
space  discontinuity.  A  voltage  is  picked  off  a  potentiometer  driven  with 
the  tracking  mirror,  and  for  the  three- sensor  system  the  voltages  from 
these  three  potentiometers  are  combined  to  give  two  error  signals  from 
which  pitch  and  roll  errors  can  be  derived.  If  four  sensor  heads  are 
used  they  can  be  connected  in  such  a  way  as  to  give  a  three -sensor  sys¬ 
tem  with  a  redundant  head  for  improved  reliability  or  as  a  four -sensor 
system  which  gives  roll  and  pitch  errors  directly. 

This  unit  has  not  yet  been  flown  or  thoroughly  tested.  However,  one 
unit  has  been  bench  tested  continuously  for  more  than  six  months  to 
date  without  failure.  The  company  has  built  hundreds  of  IR  horizon 
sensors  of  other  types,  some  of  which  have  flown  in  satellites,  so  they 
are  well  aware  of  many  of  the  problems  to  be  encountered.  Nevertheless, 
reliability  estimates  based  on  parts  lists  and  known  component  failure 
rates  indicate  for  the  three-head  device  a  failure  rate  in  excess  of  three 
per  year.  The  four-head  device  without  redundancy  would  be  even  less 
reliable,  so  that  a  four-head  unit  used  as  a  three-sensor  unit  with  re¬ 
dundancy  is  suggested  at  this  time  as  the  type  of  attitude  control  system 
to  be  used.  The  four  sensor  heads  of  the  ^mes  unit  weigh  four  lb 
each  and  the  electronics  package  7  1b.  Assuming  a  modified  electronics 
package  to  take  care  of  the  redundant  sensor  would  weigh  an  additional 
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2  lb,  the  tutal  weight  o{  the  unit  would  be  about  25  lb.  The  average 
power  required  in  approximately  6  watts  at  24-v  dc  and  the  maximum 
power  10  watts.  The  accuracy  of  determination  of  the  local  vertical 
is  lO.l  deg. 

A  block  diagram  of  the  system  is  shown  in  Fig.  IV- 11,  while  Figs. 
IV.12  through  IV-I5  ill''s:.,ite  outailed  portions  of  the  design  as  well 
as  critical  elements  of  s;;tem  logic.  Figure  IV- 1 6  illustrates  the 
mechanical  layout  of  the  system. 
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Fig.  IV- 11.  System  Functional  Blot <  Diagram 


I’lbrator  Klectroa.cs- -Block  Diagram 
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C.  CXCULTOSCOPE— STAR  TRACKER 

An  orbit  program  which  is  preaet  on  the  ground  prior  to  launch  fn 
stored  in  the  self>contained  guidance  system.  The  storcu  "ideal"  orbit 
pnttern  is  compared  by  on«bosrd  equipment  to  determine  vehicle  orienta¬ 
tion  and,  should  corrective  action  be  required,  the  thrust  impulses  are 
activated  (see  Fig.  IV- 17). 

Two  major  sensing  instruments  supply  data  for  orbit  computation. 

(1)  The  radar  altimeter  measures  orbit-distance  from  earth  and 
supplies  the  following  computation  data: 

e  ■  eccentricity 
a  *  semimajor  axis 
tp  •  time  of  perigee. 

(2)  The  star  tracker  provides: 

(a)  Celestial  orientation  coordinates. 

(b)  Occultation  time  data,  which  permits  the  computation  of 

orbit  orientation  elements  in  inertial  space: 

i  •  inclination  of  orbit 

w  *  angle  in  orbital  plane  between  ascending  node  and 
perigee 

a  •  angle  in  equatorial  plane  between  reference  direction 
and  node. 

1,  Initial  Alignment 

While  the  vehicle  is  on  the  launching  pad.  the  occultoscope-star  tracker 
platform  is  aligned  and  locked  on  to  a  preselected  reference  star  pattern 
(i«e..  the  platform  is' caged  in  the  orientation,  which  it  will  require  during 
launch  to  lock  on  to  the  reference  stars). 

During  countdown  the  platform  servos  are  "slaved**  to  the  inertial 
platform  in  the  booster  stage  and  an  opaque  protective  dome  is  closed 
over  the  occultoscope-star  tracker  platform. 

During  the  boost  period,  this  platform  remains  aligned  to  the  stars 
under  the  dome  by  receiving  alignment  signals  from  the  inertial  plat¬ 
form. 

After  separation  of  the  booster  and  leaving  the  earth's  atmosphere, 
the  dome  opens  and  the  platform  begins  to  align  itself  1^  tracking  the 
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preselected  star  pattern.  Errors  in  alignment  during  launch  will  remain 
small  enough  to  keep  the  telescopes  within  their  acquisition  angles. 

2.  Equipment  Description 

The  occultoscope-star  tracker  t  on.-isis  o!  ap  •  i.vi  s, 

each  one  locked  on  to  one  partknlai  star  0)i  *hc  ^'elentlul  tsphcrr. 

This  telescope  platform  is  gimbalcd  tn  the  no.«*r  of  the  ve.jiclc  and 
aligns  itself  in  inertial  space  (regardless  of  vehicle  position  and  attitude) 
with  three  geared  servo  drives. 

(a)  Orbit  axial  tracking 

Two  of  the  telescopes  are  oriented  toward  stars  in  ^he  vicinity  of 
the  axis  of  the  orbit,  which  will  bt;  called  t!:c  left  axial  and  the  right 
axial  (or  pivotal)  telescopes.  Each  telescope  tracks  a  given  star  to  an 
accuracy  of  10  seconds  of  arc  in  a  field  of  view  of  two  degrees.  The 
photo  detectors  supply  orthogonal  error  signals  (left/ right  or  yaw;  clock¬ 
wise/counterclockwise  or  roll)  to  the  platform  servo,  which  in  turn 
orients  the  platform  for  optimum  alignment.  This  platform  error  sig¬ 
nal  is  the  average  of  the  two  error  signals  from  the  two  axial  telescopes. 

b.  Orbital  plane  tracking 

Three  of  the  telescopes  are  locked  on  to  stars  approximately  in  the 
orbital  plane  and  roughly  120  degrees  apart  in  stellar  space.  Platform 
alignment  in  the  pitch  axis  will  be  controlled  by  the  average  of  the  error 
signals  from  these  telescopes.  The  averaged  pitch  error  signal  will 
command  the  pitch  servo  to  realign  the  platform. 

c.  Occuitation  time  measurement 

This  measurement  is  obtained  by  recording  the  instant  at  which  a 
star  dips  into  the  horizon  of  the  earth.  This  horizon  includes  the  earth*  s 
atmosphere,  where  the  dip  would  be  very  gradual  due  to  the  diminishing 
air  density  in  the  upper  atmosphere  (see  Fig.  IV- 18).  Considerable  refrac 
in  the  line  of  sight  between  the  telescope  and  the  reference  star  takes 
place  during  the  tr  snsition  of  the  horizon.  This  will  result  in  an  "off 
center"  signal  from  the  occulted  star,  as  compared  to  the  undisturbed 
orientation  of  the  two  other  telescopes.  As  the  star  dips  into  the  at¬ 
mosphere,  the  apparent  tracking  error  increases  steadily.  A  preset 
angle  limit  (20  seconds  of  arc)  will  be  chosen  to  obtain  a  sharply  defined 
condition  to  trigger  the  occuitation  time  recorder.  This  time  is  called 
the  "ingress"  of  the  vehicle  entering  the  "shadow"  of  the  star  behind  the 
earth.  The  "egress"  of  the  vehicle  from  the  shadow  (or  reappearance  of 
the  star  on  the  telescope  sensor)  will  supply  another  time  mark,  resulting 
in  three  ingress  and  tlvee  egress  time  signals  (see  Fig.  IV- 10). 
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3,  j^dh-Shutter 

If  sunlight  shoiUd  fall  on  a  telescope  and  reach  the  sensUive  detector, 
ti.rough'a  2rln«  lens,  the  detector  would  he  destroyed..  To  protect. the  de* 
lector,  a  l/4*-in.  Ip  tube  (blackened  inside)  is  mounted. alongside  each 
telescope,  containing  a  cadmium  sulfide.photocoii'ductor  cell  fHCA  type 
7412  or  equivalent)..  If  sunlight  falls  oh  the  target  oMhts  photocell,  it 
triggers  dn  Kccics -Jordan  flip-flop  transistor  circuit,. and  a  relay  will 
rotate  an  opaque  vane  into  the  light  path  of  the  star  detector,  shielding 
the  sensitive  cathode  from  excessively  intense  illumination. 

Simultaneously,  the  flip-flop  circuit  sends  an  inhibit  command  to  the 
occultntion  sensing  circuit  to  avoid  the  generation  of  a  false  occultation 
lime  signal  by  the  sun-shuiter. 

4.  Star  Detectors _ 


Photomultiplier  tubes  are  the  mo'«:  sensitive  detectors  in  the  visible 
■^pei  trum  a\aiiablc  todu>,  and  are  generally  used  in  astronomical  work. 

The  occultoscopc  (as  |)roptj>ed  b>  Genet  al  Mills)  and  other  star  tracking 
instruments  use  ninu-^tage  photomultiplier  tubes  of  the  1  P2t  type  or 
similar. 

The  photomultiplier  ts  a  deluate  glass  strm  turc,  requiring  a  flosely 
regulated  supply  xdtage  of  approximately  1000  vdc.  Tnc  output  vanes 
sharply  with  changes  in  supply  \oltage,  ambient  temi>etaturc  affects 
sensitivity  and  muse  fa<  lor. 

A  censitiNc  phouivoliaie  dcteitor  with  a  (lallium-Arsemdo  junction 
has  bc<«)me  a\nil«ble  from  PhiUo  Cor})oraUon.  designated  Type  C»AU'40t, 
and  is  (laimed  hi  equal  or  exceed  the  sensitivity  of  photomultiplier  tubes, 
ii  IS  n-jused  in  a  TC)*1U  iraiiMstor  ia.'vc.  nuasuring  less  than  0.3a  in. 
diameter  and  less  than  0.3r»  in,  length. 

'Ihc  sj>tM  iral  sensitivity  ranges  fioin  0.40  to  O.OOy  ami  |)eaks  at  O.Bnj* 
which  offers  good  co\etage  of  the  light  emitted  from  most  bright  stars. 

It  was  therefore  de«  ided  to  use  the  new  Philco  (tAli-401  photodetectors, 
with  a  '  orresporiding  improvement  of  the  star  tracker  reliability,  and  less 
space  requiiement. 

g.  Hedundancy  and  llehabiiity 

The  configuration  of  stai  -tiacking  telesco|>es  is  chosen  in  such  a 
way  that  redundant  reliability  is  obtained  if  one  or  even  two  of  the  tele¬ 
scopies  should  fail. 
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(1)  Should  failure  of  one  of  the  axial  telescopes  occur,  perfect 
space  reference  would  still  be  maintained  with  the  orbital 
telescopes  providing  sufficient  reference. 

(2)  Should  failure  of  one  of  the  orbital-plane  teiescopes  occur, 
perfect  platform  alignment  would  be  maintained.  During 
occultation  of  one  of  the  remaining  two  stars,  the  other  tele¬ 
scope  will  supply  sufficietii  tracking  data. 

(3)  If  a  position  with  one  telescope  aimed  at  the  sun  should  occur, 
the  sun-shutter  on  tins  «f*le^cope  will  insert  an  opaque  shield 
in  the  light  path  «ell  before  the  illumination  level  becomes 
excessive. 

<4>  If  the  moon  should  occult  one  of  the  stars  used  as  reference, 
no  adverse  effects  will  be  experienced,  except  a  temiwrary 
loss  of  this  star's  signal.  If  the  moon  should  be  half  or  fully 
sun- illuminated  at  the  time,  the  star  telescope  will  put  out  a 
stcn(l> -state  signal  frather  than  the  pulse  resulting  from  scan¬ 
ning  the  }K)jnt-sr/ed  star).  This  steady-state  signal  will  be 
Ignored  by  the  occultation  time  discriminator. 

(5)  Pitch  and  roll  error  signals  can  augment  the  horizon  sensor 
to  stabiii/e  vehicle  .ittitude  and  hence  provide  redundant 
operation  for  maximum  reliability. 

G.  Mechanical  Design 

The  five  telescopes  are  rigidly  mounted  on  a  drum  which  can 
rotate  160  degrees  in  pitch  to  allow  continuous  star  orientation  while 
the  velm  le  goes  through  a  3h0>degree  attitude  rotation  during  each 
orbit  (Pig,  IV-20), 

The  two  axia)  telescopes  arc  mounted  in  the  2- in.  diameter  bores 
of  the  pitch  axis  bearings,  and  can  be  oriented  up  to  10  degrees  away 
from  the  orbital  axis.  One  of  these  bearings  carries  a  slip-ring  assembly 
to  bring  electrical  connections  m  and  out  of  the  platform,  while  the  other 
carries  the  realignment  servo  drive  and  pickoff  synchro. 

A  fork-shaped  gimbal  carries  the  drum  bearings  and  is  supported  in 
a  single  (but  long)  bearing  at  the  rear  to  provide  roll-axis  rotation;  the 
roll  axis  alignment  servo  is  mounted  heie  with  t45-degree  freedom. 
Llectrical  connections  are  brought  out  through  flexible  leads. 

The  gimbal  design  of  a  celestial  platform  differs  from  that  of  an 
inertial  platform  in  that  the  conventional  full-ring^^imbals  must  be  cut 
down  if  a  v/ide-angle  field  of  view  s  required.  A  '^dead  zone'*  of  less 
than  60  degrees  pitch  field-of-view  to  the  rear  of  the  vehicle  is  desirable 
for  occultation  time  measurements,  Occultation  of  the  telescope  (b\ 
vehicle  structure)  occurs  oiiee  m  every  orbit  (for  60"  of  orbit).  An 
inhibit  command  is  given  during  this  period  to  prevent  generation  of  a 
false  occultation  signal 
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TABLE  IV -I 

Some  Data  of  Typical  Bright  Stars 
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l^>Uux  O  Gvminurum)  j.2»  3.7i0  0.70  l,  j< 

U  CrnlaurU  0,86  ;3,OO0  0.26  1.18 

SchraM^  I'rgasU  2.61  2.810  0.66  1.09 

Mirach(3  Aridron»edae)  2.37  2.980  0.62  1.02 


The  rqU'ali^r.inent<bcaring  is;Hti|ipqrted  by  a  vertical  ahaft  which  can 
be  servo  rotated >45  degrees  in  a, bearing  mounted  dn'the  vehicle  frame 
to  provide  yaw  axis. alignment..  An  iden'ial  servo. drive. maintains  orienta- 
tioni  a'iid  a  synchro  resolver  supplies  ytw-error  signals-to  the.attitude  com 
puler. 


Pitch 

Holl 

Yaw 

Degrees  rotation  range 

360  dc^ 

145  deg 

145  deg 

illecirical  connections 

Slip  rings 

I'Tex  leads 

Flex  leads 

Usable  field  of  view 

300  deg 

!)0  deg 

!I0  deg 

Pickoff  angle 

Synrhn* 

Synchro¬ 

resolver 

Synchro - 
resolver 

Oceultation  pickoff 

Yes 

None 

None 

Sun-shutters 

Yes 

Yes 

Yes 

Slits,  scanning 

1,  on  orltUal 
scopes 

1,  on  axial 
scopes 

1,  on  axial 
scopes 

7,  Occultoj«co|)o-Star  Tracker  ComixMteut; 

The  piatform  will  contai 

a  the  following 

com|s>nents: 

fomiKinenis  (jly, 

l.cnseh,  iichroinatic.  radiation- re.'istaiil  glass  li 


fomiKinenis  (jly, 

l.cnses,  achniinatic.  radiation- re.'istaal  glass  li 

J-in.  diaiiieter,  8-in.  focal  lengtb 

Vibrating  slit  assemblies  with  driving  coils  '> 

Hhotodctcctors  Phileo  Type  G.'.U-40l  5 

Kesistors,  deposited  film  type  1/4  w  1T»  10 

Capacitors.  U.O I  mf/800  volt  t  oraoilc  10 

Sun-shutter: 

.t'hotncells  (cadmium  sulfide)  MCA  No.  7412  5 

Transistors,  NPN  silicon,  medium  |iowi—  10 
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Compone1it«  Qty,. 

‘Relays,  miniature  DPl^  with  vane  attached'  5 

Mitiature  servo  motors,  24rVolt,  400  cycle,  3  phase  3 

Worm  gear  assemblies  3 

Synchro  transmitter  1 

Synchro  resolvers  2 

Slip-ring  assembly  (10  ring)  2-in.  ID,  l.S-in,  long  1 

Gimbat  assembly,  3  gimbals  1 

Preamplifiers,  .1  M'N  transistors  each  3 


8,  Time  Standard 


a.  Precision  quartz-crystal  oscillator 

A  self-contained  precision  time  standard  must  be  carried  In  the 
satellite  to  supply  time  signals  for  the: 

(1)  Radar  altitude  echo-time  clock. 

(2)  Orbit  programmer. 

(3)  Digital  computer  cluck  pulses, 

(4)  Radar  altimeter  sequence  timer  (to  turn  radar  altimeter 
on  only  over  water). 

Because  of  the  requirement  of  self-contained  operation,  resetting  of 
this  timer  (to  correct  for  drifts)  is  not  possible.  This  makes  it  necessary 
to  include  a  time  standard  of  the  highest  stability,  and  solid-state  amp¬ 
lifiers  only  should  be  used.  Precision  crystal  oscillators  have  been 
developed  (for  example,  by  Peter  O,  Sulzer  of  The  National  Bureau  of 
Standards),  and  with  the  most  advanced  temperature  controls  were  reported 

stable  to  1  part  in  10^  (short  term  drift),  and  1  part  in  10*  with  aglM, 

The  James  Knights  Company,  Sandwich,  111.,  manufactures  a  1-mc  (model 
PS  1  lOOT)  frequency  standard,  transistorized,  with  drifts  of  less  than  1 

part  in  5.10**®  per  day. 
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b.  Atomic  clock 

For  precision  navigation  satellites,  still  higher  stability  may  be 
required,  and  the  most  stable  self-contained  time  generators  known 
today  (atomic  clocks)  would  have  to  be  considered.  Stability  of  1  part 

in  4  X  10^^  has  been  obtained  in  laboratory  atomic  clocks,  and  an  air¬ 
borne  version  of  the  "Atomichron"  (National  Radio  Co.,  Malden,  Maas.) 

yields  an  overall  long  term  stability  of  1  part  in  10^  within  airborne 
environmental  conditions. 

The  nuclear  magnetic  resonance  of  cesium  gas  at  approximately 
9192,632  me,  is  the  frequency-determ'  'ing  element,  and  is  reproducible 
as  a  primary  standard,  if  gas  purity,  temperature  and  magnetic  fields 
are  controlled. 

To  avoid  theneed  (or  frequency-synthesizer  equipment,  a  direct  frac¬ 
tion  of  9192,632  me  would  be  used,  such  as  16,415  or  1.03  me. 

The  National  Radio  "Airborne  Atomichron"  weighs  65  lb  and  consumes 
250  watts  of  power.  It  is  equipped  with  vacuum  tubes. 

A  satellite  version  of  the  Atomichron  will  be  available  in  1962 
with  a  weight  of  25  lb  and  power  consumption  of  80  watts.  Transistors 
will  be  used  throughout,  except  for  two  electronic  tubes  at  the  highest 
frequencies.  An  all  solid-state  atomic  clock  is  under  development  at 
Natiom'l  Radio  Co.,  which  will  use  no  electron  tubes  and  consume  less 
than  30  watts. 

Frequency  standards  using  nuclear  magnetic  resonance  are  also  pro¬ 
duced  by  ITT  Federal  Laboratories  and  Varian  Associates. 

c.  Frequency  dividers 

The  1-mc  frequency  standard  (1.03  me,  if  an  atomic  clock  should  be 
used)  will  serve  as  a  source  of  clock  pulses,  both  for  the  digital  computer 
and  the  radar  altimeter.  This  corresponds  to  approximately  0.1-mi 
altitude  increments. 

The  dc-to-ac  converter  (400  cps)  will  be  governed  by  the  frequency 
standard  through  a  chain  of  frequency  dividing  multivibrators.  They  con¬ 
sist  of  transistors,  resistors  and  capacitors,  and  are  resonated  with  L-C 
elements  for  highest  reliability.  Stages  of  200,  50,  10,  2  kc  and  400  cps 
are  chosen  to  keep  the  step  ratio  at  5:1  or  smaller. 

This  400-cps  precision  frequency  ensures  precise  programming  of 
the  radar  altimeter  on-cycles  and  orbit  computations.  Accuracy  of  the 
occultoscope-star  tracker  and  of  the  horizon  sensor  will  also  be  im¬ 
proved  with  a  precise  400-cps  source. 
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Programmer  and  Memory 

In  order  to  establish  and  maintain  a  precision  orbit  for  a  duration 
of  one  year  or  longer,  the  following  information  must  be  stored  in  the 
vehicle  prior  to  launch: 

(1)  Precision  timing  source  (described  elsewhere), 

(2)  Kadnr  altitude  demand  storage, 

(3)  Occultation  demand  storage. 

In  addition,  for  practical  reasons,  the  radar  altimeter  must  be  turned 
on  only  when  over  water  surfaces  in  order  to  avoid  errors  from  high 
altitude  lakes,  ore  deposits,  etc.  This  will  be  performed  by  the: 

(4)  Radar  altimeter  transmlt-programmer. 

For  short  term  fone  or  two  orbit  cycles)  data  storage,  an  "electronic 
scratch  pad"  is  rccuired  to  store  individual  radar  altitude  and  occultation 
time  data: 

(3)  Klectronic  scratch  |>ad, 

10,  Radar  Altitude  Demand  Storage 

A  matrix  of  miniature  ferrite  cores  (square  loop  material),  connected 
with  straight  enameled  copper  wires,  serves  as  the  memory  unit  for  alti¬ 
tude  demand.  The  number  of  "bits'*  (clock  pulses)  required  for  the  planned 
orbit  is  "written"  into  the  matrix  prior  to  launch. 

The  IRM  Corfxiration  has  recently  developed  new  types  of  cores, 
which  permit  nondestructive  readout;  this  will  greatl>  simplify  the  con¬ 
struction  of  the  memt)r>  system.  Therefore,  it  Is  pro|>o8ed  to  make  use 
of  these  cores  if  their  thermal  and  long-term  stability  proves  to  satisfy 
the  environmental  and  life  requirements  of  the  mission. 

The  use  of  thin-film  memories  and  epitaxially  deposited  silicon  diode 
logic  can  be  considered  for  applications  in  the  coming  years.  This  would 
reduce  size,  weight  and  cost,  eliminate  matching  of  cores  and  increase 
reliability. 

1 1 «  Oi^cultation  Demand  .Storage 


A  similar  ferrite  core  memory,  as  described  under  radar  altitude 
demand  storage,  will  store  the  occultation  time  demands.  While  the 
radar  altitude  demand  consists  of  a  number  of  bits  (or  an  arithmetic 
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quantity),  the  occultations  conaiat  ot  aingle  pulaea  with  preciaely  preaet 
hour-long  intervals  containing  the  information  between  them. 

This  storage  system  must  also  allow  nondestructive  readout  for  one 
year  or  more. 

12,  Radar  Altimeter  Transmit  Programmer 

This  is  a  conventional  timer,  presetting  intervals  for  a  given  s<  ound 
track,  so  that  the  radar  transmits  only  over  sea  level  water. 

The  use  of  a  ferrite  core  memory  appears  feasible,  but  a  conven¬ 
tional  synchronous  motor,  camshaft  and  precision  switch  combination 
is  less  complex  and  can  be  made  very  reliable  with  proper  design. 

Two  400-cps  synchronous  timer  motors  with  gear  trains  (with  periods 
somewhat  longer  than  the  orbit  period)  are  coupled  to  the  camshaft 
through  one-way  clutches.  Redundancy  is  achieved  because,  in  case  of 
one  motor's  failure,  the  remaining  unit  continues  to  rotate  the  shaft. 

The  motors  (A,  W,  Haydon  Inc.)  contain  lightweight  aluminum  rotors 
with  negligible  moment  of  inertia.  Hermetically  sealed  precision 
switches  (Haydon  Switch,  tnc.,  Scries  8102  or  similar)  will  operate  re¬ 
liably  for  the  low  duty  cycle  of  this  application.  Cama  can  be  ot  the 
fixed-notch  type  to  avoid  possible  loosening  ot  adjustable  parts. 

After  completion  of  each  orbit,  tbs  cam  is  advancsd  to  the  starting 
position.  This  action  is  required  if  orbits  of  other  than  fuU-bour  periods 
are  cliosen. 

13,  Electronic  Scratch  Pad 

The  Radio  Altimeter  readings  (six  or  mors  per  orbit)  and  occultation 
times  (three  per  orbit)  must  be  stored  in  a  m^ory  until  they  are  com¬ 
pared  to  the  demands  stored  in  the  program  unit.  Again  a  miniature 
ferrite  core  matrix  will  be  used,  but  in  this  ease,  the  conventional  (de- 
ktructlve-readout)  type  can  be  applied  in  a  "scratch  pad"  write,  read 
and  erase  mode. 

As  an  alternative,  a  rotating  magnetic  diac-tyoe  memory  might  be 
considered.  Laboratory  for  Electronics,  Inc.  (L.F.E.)  manufactures 
Bernoulli  Disc  memories  with  storage  capacities  of  35,000  to  500,000 
bits  per  disc.  The  Type  BO-40  was  developed  especially  for  space  appli¬ 
cations  and  stores  40,000  bits  in  40  tracks,  with  a  resolution  of  1024 
bits  per  track  circumference. 
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D.  THE  COMPUTER 

Examination  of  the  equations  in  Section  m  has  shown  that  the  air* 
borne  computer  requirements  will  not  be  difficult  to  satisfy,  Hie  com¬ 
puter  selected  Is  a  small,  lightweight,  general  purpose  digital  machine, 
This  computer  Is  designated  the  B-4  Guidance  Computer,  and  Is  cur¬ 
rently  being  developed  by  the  Libraacope  Division  of  General  Precision, 
Inc.  A  detailed  description  of  the  computer  (provided  ^  Ubrascope) 
la  given  in  Table  IV-2  and  the  following  portions  of  this  section, 

TABLE  rV-2 

B-4  Guidance  Computer  Characteristics 

Computer  type:  General  purpose,  high  speed  Integrator  (Sigmator), 
digital 

23 

Precision:  One  part  in  2 
Number  base:  Binary 

Mode  of  memory  operation:  Word  parallel,  random  access 
Number  of  different  operations:  40 

Memory  type:  Random  access,  nondestructive,  silicon  stack 

Instruction  type:  'IVo  address  (operation  address  and  next  Instruction 
location) 

Memory  capacity:  At  least  6000  words 
Word  length:  23  bits 
Clock  frequency:  0.64  me /sec 
Site:  0. 37  cu  ft 

Input/output  equipment  possible:  Variety  of  analog  devices 

Multiplications:  2000  per  sec 

Divisions:  500  (minimum)  per  sec 

Additions:  12, 800  per  sec 

Sine  and  cosine:  160  per  sec 
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TABLE  IV-2  (eontlnuod) 

Fllp-nop  count:  30  In  general  purpose  unit 
20  in  high  speed  integrator 

Power  requirements:  SO  watts  (10  watts  when  not  computing) 

Operating  temperature:  -2S*  C  to  «t03*  C 

Weight:  191b 

The  nature  and  quantity  of 
Temporary  storage 
Word  address 
Instruction  address 
Accumulator 
Pulse  accumulator 
Integrand  register 
Clock 


1.  Computer  Description 

a.  Word  length 

The  computer  word  length  is  23  bits.  Error  analysis  indicates  that 
a  double  precision  product  in  multiply  Is  Indicated  for  space  guidance 
requirements, 

b.  Address  structure 

The  6000  words  of  memory  are  selectable  with  the  23>btt  word 
structure.  Ten  bits  specify  the  word  address  of  the  present  instruction. 
The  next  10  bits  provide  the  next  word  address  location.  The  remain¬ 
ing  3  bits  specify  the  desired  instruction, 

c.  Arithmetic  and  control  logic 

The  computer  general  purpose  section  will  now  be  considered.  The 
Kunctlonal  Block  Diagram  for  the  Random  Access  Computer  is  shown 
in  Fig.  IV-21.  The  computer  handles  memory  access  in  parallel  via 
an  M  (Memory)  register.  Accumulator  (AC).  Multiplicand  (MC)  and 
Multiplier  (MR)  registers  are  provided  for  storage  of  numerical  data. 
The  Instruction,  Order  and  Control  Registers  served  to  provide  Internal 
(tacit)  computer  operation.  The  schematic  details  of  the  Logic  portion 
of  the  B-4  Random  Access  Computer  are  shown  in  Fig.  IV-23. 


registers  follows: 
-5  ^ 
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Fig.  IV-22,  Kandum  Access  Computer  Logic  Schematic 
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The  order  etnicture  containe  8  basic  orders  which  are  expandable 
to  40  as  discussed  In  programming.  These  orders  are  multiplication, 
addition  and  related  operations.  They  are  performed  at  2000  and 
12, 800  per  sec,  respectively,  including  random  access  time  which  Is 
zero. 

Multiplication  Is  one  of  the  most  frequently  encountered  operations 
h:  the  boost  stages  of  a  space  computation.  A  fast,  accurate  multiply 
Is  provided.  Truncation  errors  are  minimized  for  sum-of-products 
and  square  roots  operations.  E>ouble>length  product  accumulation  Is 
provided.  The  operation  Is  mechanized  In  part  by  sensing  the  next 
higher  order  of  the  multiplier  while  performing  either  an  addition  or 
shift  on  the  present  multiplier  position. 

Operations  are  performed  by  permanently  wired  programs  stored 
In  the  silicon  memory.  These  also  Include  slne-coslne,  division  and 
square  root.  The  program  is  permanently  stored  and  not  destroyed 
by  reading.  The  Internally  wired  logic  and  control  program  reliability 
govern  the  computer  performance  of  each  Instruction. 

d.  Incremental,  discrete  and  Input/output  functions 

A  valuable  Input  involves  uhat  may  be  referred  to  as  a  high  speed 
Integrator,  slgmator.  High  speed  summing,  storing  and  processing 
of  Incremental  Inputs  are  possible  from  external  sources.  Real  time 
velocity  pulse  accumulation  for  computation,  sccurate  time  and/or 
velocl^  countdown,  control  of  digltal»to-anaIo;;  converters  for  Infor¬ 
mation  output,  and  transmission  of  data  link  Information  are  typical 
applications  of  the  high  speed  Integrator. 

Operations  performed  In  the  input  unit  are  of  the  Incremental  type. 
The  design  includes  four  basic  units:  integration,  fast  accumulator, 
velocity  accumulator  and  countdown  integrator. 

The  Integrator  processes  data  from  the  velocity  accumulator,  from 
analog -digital  Inputs,  and  from  the  computer.  It  has  complete  access 
to  the  computer  generating  time  countdown  accumulated  for  thrust 
termination.  Incremental  integration  ran  be  performed  at  the  rate  of 
24,000  pps,  but  is  limited  by  thrust  g's  and  accelerometer  resolution. 

e.  Control 

(1)  Switches 

Discrete  signals  are  transmitted  to  the  computer  by  means  of  ex¬ 
ternally  controlled  switches.  As  a  part  of  the  program  routine  sensing 
of  these,  switch  positions  may  be  programmed  to  effect  a  control  or 
logic  change  in  program  flow. 
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(2)  Outputs 

Where  an  analog  shaft  position  from  digital  conversion  Is  involved, 
servo  modules  are  employed.  Topical  ou^itts  of  this  type  include 
switching  signals  to  the  engines  from  the  computer,  Ihe  servo  modules 
are  sealed  and  Include  a  servo  an4>ltfler,  a  modulator,  a  motor  gener¬ 
ator,  a  potentiometer,  dlgltal-to-analog  converter  code  discs  and  gear 
trains  for  positioning  of  the  potentiometer  by  the  motor. 

Outputs  from  the  computer  are  in  the  form  of  positive  or  negative 
error  voltage  representing  the  sign  of  the  differences  betwsen  present 
and  desired  value  of  the  output.  When  there  Is  no  difference,  null  Is 
reached  and  the  output  voltage  Is  sero.  The  error  voltage  Is  modulated 
to  a  400-cycle  signal  and  fed  to  the  servo  amplifier  motor  combination 
which  provides  s  shaft  position  ou^ut.  The  output  Is  thus  a  shaft  posi¬ 
tion  which  can  be  coupled  to  a  synchro  transmitter  or  potentiometer. 

A  digital  feedback  loop  la  provided  via  the  computer, 

Torqulng  signals  are  generated  by  these  digital -to-analog  converters. 
The  analog  voltage  la  prided  by  the  slider  of  a  10, 000-ohm  center- 
tapped  potentiometer  In  the  converter. 

Discrete  signals  are  generated  by  computed  program.  These  sig¬ 
nals  may  include;  (1)  main  engine  cutoff,  (2)  vernier  (booster)  cutoff 
and  (3)  reorient  (susulner)  cutoff.  When  received  by  the  outer  control- 
loop  programmer,  these  discrete  signals  control  various  powered  flight 
phases. 

1.  Sine  and  cosine  generation  techniques 

Incremental  slne-coslne  generator  can  be  Installed  as  shown  In 
Fig.  IV-23. 

(1)  Features: 

(a)  Iteration  rate:  1600/sec 

(b)  Itetraceable  sine  and  cosine  generation  no-fix  points 

(c)  Accuracy  assuming  maximum  roll,  pitch  or  yaw  rates  of  1 

-4 

radian  per  sec  is  6  x  10  for  the  generation  of  4  sines  and 
4  cosines. 

(2)  Algorithm: 

£  -E  K.AY,.  tC,  -O 

1.1  “  ‘  1*1  ‘  ’ 


I 
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.'^rlthmetto  Unit  words  1  through  6 


|yi|n|n|M|  Sequence  control  fltp-Ilops 


Fig.  IV*23.  Block  Diagram  of  Incremental  Slne-Coslne  Generator 
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S-YjjAX, -EKjAVj,  tCj  -O 

where  Yj  might  be  sin  0  and  Yj,  cos  6  and  AXj  the  Increment  In  6, 

Cl  and  C2  are  corrections  which  make  the  remainders  exact  during 
each  iteration  so  that  the  sine-cosine  gene-atlon  is  retraceablc. 

(3)  The  sine-cosine  generator  contains; 

(a)  One  16-word  memory  loop 

(b)  Two  8-word  memory  loops 

(c)  Two  full  adders  (1)  nnd  (2) 

(d)  One  subtractor  <3) 

(e)  Kleven  flip-flops  as  shown  in  diagram 

(f)  Three  sense  and  3  write  windings  (SI)  (S2)  (S3)  and  (Wl) 

(W2)  (\V3). 

(4)  The  sine-cosine  generation  works  ns  follows; 

(a)  The  sines  and  cosines  are  broken  down  into  pairs;  l.e.  Y1 
and  Y3  become  sine  and  cosine  for  one  argument;  Y2  nnd 
Y4  for  the  next  argument,  etc.  To  each  pair  of  Y's  is 
associated  a  pair  of  K-scallng  constants  Kl,  K3,  etc. 

These  are  stored  on  (1)  16-woi’d  recirculating  memory  loop 
as  shown. 

(b)  To  each  Y  and  K  there  is  associated  (1)  K  which  is  used  to 
accumulate  the  partial  sums  Yj  AX  and  -KAY2,  etc. 

(c)  The  memory  for  the  SAY's  is  in  the  first  8  bits  of  the  Y 
Integrand  word.  The  remainder  of  the  word  is  used  for  the 
integrand, 

(d)  The  first  8  bits  of  the  remainders  H,  are  used  to  store  the 
arguments  AXj. 

(e)  During  words  1  through  8,  the  Y's  are  updated  in  the  adder 
labeled  (1)  and  remainders  are  updated  in  the  adder  (2), 

Adder  (3)  compares  the  gimbal  angle  with  the  argument  to 
generate  the  Ax's. 

(f)  During  words  9  through  16,  the  adder  (1),  as  shown,  updates 
the  argument;  adder  (2)  corrects  the  remainders  R  according 
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to  -KA  Z  R  old  •  R  new 

(g)  All  argument  changes  are  stored  in  the  first  8  bits  of  the  R 
words. 

g.  Table  "lookup" 

Table  'lookup"  was  examined  for  possible  use  to  determine  both  the 
sine  and  cosine  of  a  given  angle.  Since  the  B-4  Computer  has  the  capa¬ 
bility  of  transferring  Information  directly  from  the  accumulator  to  the 
Instractlon  register,  It  can  be  seen  t^t  the  glmbal  angle  Itself,  once 
read  Into  the  accumulator,  could  act  as  Its  own  Instruction  and  select 
both  the  value  of  the  sine  and  the  cosine  from  a  stored  set  of  numbers. 
Since  the  "silicon  memory  stack"  Is  used  to  hold  the  range  of  values  for 
the  trigonometric  functions,  table  "lookup"  would  be  feasible  method 
of  getting  sines  and  cosines.  In  this  case  512  words  of  9  bits  each  would 
give  sine  and  cosine  to  angular  Increment  of  0, 175  degree  at  a  rate  of 
1600  per  sec. 

h.  Interpolation  foruiulas 

This  technique  would  use  a  slower  basic  solution  of  the  sine  and 
cosine  value  using  polynomials  and  then  use  a  formula  such  as; 

A  sin  0  «  cos  6A  0 

to  update  the  value  of  the  sine  6  between  basic  solutions.  Of  course  the 
basic  solution  rate  Is  dependent  upon  the  maximum  rate  of  change  of  0 
and  the  accuracy  required.  The  following  shows  how  much  computer 
time  Is  saved  using  this  technique: 

(1)  Forty  basic  solutions  per  sec  require  0. 12  sec  per  sec  to  be 
Used  to  generate  one  sine  and  one  cosine  to  an  accuracy  of  10*^. 

(2)  Five  basic  solutions  per  sec  and  35  Interpolated  solutions  per 
see  require  only  0. 056  sec  per  sec. 

1,  Telemetry  module 

The  use  of  telemetry  Inputs  to  the  computer  provides  a  valuable 
means  to: 

(1)  Communicate  with  the  earth  the  results  of  space-borne  com¬ 
putations  and  data  reductions,  especially  in  the  case  of  a  one¬ 
way  mission. 
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(2)  Accept  control  changes  from  the  earth  as  a  result  of  earth- 
'derived  decisions. 

The  computer  can  Instrument  a  mission  change  if  (1)  at  a  given  time 
no  telemetry  is  received  and  (2)  a  computer  routlM  for  this  contin¬ 
gency  exists.  The  typical  information  rate  in  such  a  case  is  200  hits/ 
sec  for  2,  S  ms. 

2.  Random  Access  Nondestructive  Memory 
In  the  Interest  of  providing: 

(1)  An  advanced  technique  permitting  a  more  reliable,  compact 
computer. 

<2)  Nondestructive,  random  access  memory. 

a  proven  laboratory  component  is  proposed.  The  large  nondestructive, 
random  access  memory  is  to  be  a  "Silicon  Memory  Stack  supple¬ 
mented  by  a  feasible,  erasable  25#-word  core  memory. 

a.  Matrix  construction 

As  shown  in  Fig.  IV-24  (Silicon  Diode  Sheet),  the  complete  silicon 
diodes  are  deposited  in  8>mlt  diameter  areas  and  spaced  (  mil*  apart. 
This  permits  about  (4  diodes/linear  in.  or  3600/ln. 

By  using  proven  thln-fllm  deposition  techniques  as  developed  in 
Ubrascope '  a  Applied  Research  semiconductor  group  over  tiM  past 
three  years,  the  equivalent  to  Pig.  IV-2S  (Silicon  Diode  Matrix  Schem¬ 
atic)  can  be  fabricated  employing  a  combination  of  proven  techniques. 

Figure  IV-2S  also  illustrates  pictorially  the  assembly  technique. 
Vertical  gold  busses,  0  to  3,  cross  horlsontal  gold  busses,  0  to  2. 

As  shown,  the  0-0,  2-0,  1-1,  3-1,  0-2  end  2-2  junctions  are  silicon- 
diode  connected.  The  remaining  junctions  are  insulated  silicon 
monoxide. 

The  matrix  is  built  up  of  insulating,  basic  silicon.  The  basic  pure 
silicon  is  processed  to  form  a  p-n  junction.  Typical  junctions  are 
farmed  by  heating,  bombardment  and  related  semiconductor  techniques. 
The  required  p-type,  anode  material  is  formed  by  adding  impurities 
such  as  iridium,  teron  or  other  Group  III  elements.  In  like  manner, 
n-type,  cathode  material  is  formed  by  adding  impurities  in  the  Group 
IV  family  such  as  arsenic  or  phosphor. 

Gold  buses,  p-type  silicon,  n-type  silicon  and  silicon  monoxide  are 
sequentially  Integrated  in  a  manner  well  known  in  thin-film  and  cry¬ 
ogenic  development.  The  entire  matrix  is  encapsulated  in  an  inert 
epoxy-glass  resin. 

The  forward-to-back  resistance  of  these  silicon  diodes  has  been 
tested  at  10*  ohms.  At  30  volts  of  reverse  bias  and  ISO*  C,  30  ua  of 
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Hg.  IV-25.  Silicon  Diode  Miitrlx 
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reverse  current  are  typically  obtained.  Also,  100  ma  of  forward  cur¬ 
rent  at  -55*  C  and  1  volt  is  typical.  As  a  result,  extremely  desirable 
diode  action  Is  now  possible  in  large  diode  arrays. 

b.  Memory  selection  system 

The  details  of  selecting  n  given  word  will  now  be  considered  with 
reference  to  Klg.  IV-26  (Typical  Silicon  Memory  and  Selection).  From 
this  it  may  be  seen  that  three  m«iln  parts  involved  are: 

(1)  Plane  and  word  selection  leglster. 

(2)  Sense  register. 

(3)  Silicon  memory  stack  and  diode  matrices. 

The  silicon  memory  stack  and  diode  matrices  are  constructed  as  des¬ 
cribed  In  the  preceding  section.  The  following  matrices  connections 
from  a  given  plane  of  the  silicon  memory  stack  are  proposed  to  be 
common  Alth  the  ’.\ord-selectlon  diode-matrix  and  9  to  160  diode  matrix. 
This  eliminates  an  estimated  t)58  soldered  connection^  and  replaces  them 
In  a  high  reliability,  gold -deposited  circuit.  This  is  an  obvious  ad¬ 
vantage  ov»*r  6000-w<»rd  23-blt  core  memories. 

Word  and  plane  selector  registers  Identify  th»*  deatred  word  and 
given  plane.  The  dlo<le  matrices  select  the  required  word  In  the  silicon 
memory  stack.  .A  23-blt  word  readout  results  In  setting  up  the  word  in 
the  sense  register. 

Upon  selection  of  a  given  word  the  permanently  nondestroyed  con¬ 
tents  of  the  word  would  be  available.  Typical  construction  involves 
vertical  and  horizontal  gold-bus  deposition  by  vacuum  evaporation. 

Silicon  monoxide  insulation  is  u.s«d  where  iw  diode  is  desired  at  a  given 
junction  of  vertical  and  horizontal  busv.'». 

Words  ai  e  selected  by  the  use  of  binary  address  inputs  from  the 
word  selector  register.  These  binary  inputs  are  employed  in  a  dlooe 
matrix  to  generate  the  decimal  (1  to  512)  woro  address.  In  order  to 
eliminate  manual-wired  connection,  v«icuum  depo.sitiun  is  employed. 

Nine  sets  of  control  buses  select  .St2-word  addresses.  With  a  23-bit 
word  structure  23  sense  lines  would  exit  from  the  memory.  On  a  per 
plane  basis,  9  .set.s  of  addres.s  words  and  23-hit  exit  wires  control  oper- 


atlon  of: 

(1) 

4K 

Memory  diodes. 

(2) 

4608 

Motrlx-selectlon  diodes. 
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1024 

Plane-selection  diodes. 

Word  exit 


Klg.  IV-26.  Typical  Silicon  Memory  and  Selection 


IV-79 


These  components  are  fabricated  by  semiconductor  and  vacuum-film 
techniques  without  use  of  hand-wired  connections.  A  demonstrable, 
schematic  of  the  memory  system  is  shown  In  Fig.  IV-27  (Selection  and 
Storage  Schematic).  This  Illustration  Includes: 

(1)  Diode-matrix  for  word-plane  selection. 

(2)  Sele'^ted  memory  plane. 

(3)  Typical  nonselected  memory  plane. 

(4)  Bit  exits. 

In  Fig.  TV-27,  the  binary  address  corresponding  to  a  decimal  address 
of  three  is  selected,  and  the  upper  memory  plane  of  the  two  memory 
planes  shown  Is  selected.  Since  diodes  are  connected  to  the  3-  and 
23-blt  line  for  the  selected  plane  at  word  3.  the  bit  exit  reads  0.  0.  1 
....  1.  In  the  nonselected  plane  the  bit  exit  is  all  zeros. 

Due  to  the  particular  memory  selection  system  chosen,  the  number 
of  hand -wired  connections  Is  reduced  over  present  systems.  Silicon 
memory  stack  diode  matrices  are  packaged  in  a  common  plane  con¬ 
figuration.  This  requires  only  512  h.'ind-wlred  connections  to  the  en¬ 
tire  23  X  512  X  16  (190,716)  diode  memory.  Present  techniques  require 
1400  hand-wired  connections  to  a  G4  x  64  x  22  (90.  112)  bit  core  memory. 
This  is  better  than  a  60%  reduction  in  the  required  connections  to  the 
memory, 

c  Calculated  and  **xperlmentnl  switching  speeds 

\s  Is  typical  for  thin-film  systems, the  circuit  response  will  not  be 
assumed  limited  by  silicon  diffusion  or  drift  mechanisms.  The  Induc¬ 
tive  time  constant: 


U 


will  be  considered. 

Without  the  use  of  a  shielding  conducting  ground  plane  a  field  of  50 
oersteds  has  been  found.  This  is  in  partial  agreement  with  a  relation 
for  the  surface  field  adjacent  to  a  grid  of  width  w,  current  I: 

II  •  oersteds* 
tOw 

The  calculated  Inductance  value  for  a  grid  of  15m  in  width  that  la  0. 33 
•9 

cm  long  is  4  X  10  H. 
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.Selector  and  Stonge  Schematic 
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Glren  0. 01  ohm  realstance  tha  time  conetent  le: 

T  -  L  -  ■«  «  10~*H 
R  R 


4  X  10~*  X  50 

0.01 


•  20|ieec 


This  Impllee  that  while  23 -bit  worda  from  the  memory  are  available  at 
a  SO-kc  rate,  the  bit  rate  ia  better  than  3/4  mc/aec. 


Aa  an  alternate  to  the  above,  the  use  of  a  conductive  ground  plane 
may  be  conaidered  to  Improve  word  selection  time.  In  this  case  the 
-12 

typical  inductance  la  10  h/cm  of  line  length.  If  a  reslatance  of  10 
ohms  la  Inserted  In  a  10  cm  tong  loop: 


T  .ii.  ir - 0.01 

R  10-3 

Time  constants  of  this  magnitude  can  be  achieved  without  great  diffi¬ 
culty.  It  may  be  surmised  that  considerably  smaller  time  constants 
could  be  achieved  either  by  making  use  of  thin  films,  with  small  cross 
section  (and  consequently  higher  resistance)  or  by  using  a  material 
with  Inherently  high  resistivity. 

It  Is  antlcloated  that  the  provision  of  a  shield  plane  close  to  the  grid 
reducing  the  Inductance  will  raise  the  operation  speed  at  least  an 
order  of  magnitude.  This  has  been  experimentally  confirmed  to  yield 
3  time  constant  of  less  than  3  psec. 

3.  Random  Access,  Krasable  Memory 

The  use  of  proven  core  techniques  will  be  employed  to  proWde  an 
erasable  memory.  Rased  on  In-the-house  Librascope  core  experience 
plus  recommendations  of  core  fabricators,  a  demonstrated  technique 
will  be  employed.  While  the  desirable  volume  and  temperature  re¬ 
quirements  do  not  allow  a  large  6000-word  core  memory,  a  2S6-word 
erasable  memory  Is  recommended  to  supplement  the  "silicon  memory 
stack. " 

The  use  of  present  core  techniques  In  the  small  erasable  memory 
permits  operation  over  the  range  -26*  C  to  tlOO*  C.  This  has  been 
proven  with  transfluxors  employing  a  300  ma  unblock  current  at  100*  C 
which  Is  varied  to  be  700  naa  at  -26*  C.  Similarly  square-loop  cores 
have  been  operated  over  the  range  of  -20*  C  to  +80*  C.  Indications  are 
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Klg.  IV-28.  Prototype  Core  Memory 
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that  tha  rang*  may  bt  axtandad  to  -flOO*  C.  Pull  and  half  aalact  currants 
ara  variad  as  a  function  of  tamparatura  to  parmlt  rallabla  oparatlons. 
Such  drlva  currant  variation  Is  typically  parformad  by  usa  of  Thyrlta 
tamparatura  sansltlva  alamants  controlling  drlva  currant.  A  prototype 
cora  mamory  systam  davalopad  by  tha  writer  at  Llbraseopa  Is  shown 
In  Fig.  IV-28.  This  employs  currant-steering  naagnatlc  switches  for 
word  selection.  The  photoRrnph  indicotes  the  approximate  size  of  the 
erasable  memory. 


E.  BASIC  ELECTRICAL  POWER 

The  one-year  mission  requirement  for  the  various  satellites,  as 
part  of  the  weapon  system,  automatically  limits  the  choice  of  power 
supplies  to  that  of  solar  or  isotope  types.  The  various  types  of  solar 
power  supplies,  requiring  solar  concentrators,  can  be  eliminated  due 
to  the  close  control  requirement  and  the  need  to  eliminate  rotating  ma¬ 
chinery  from  the  satellite.  Due  to  the  disturbing  torques  and  the  re¬ 
duced  reliability  of  such  systems,  the  choice  of  power  supply  for  the 
system  rests  with  a  radioisotope  or  a  nonorientt^  solar  cell  system. 
The  radioisotope  system  was  calculated  with  battery  storage  for  peak 
loads. 

The  load  analysis  for  the  mission  is  as  follows: 


t‘<ttttinu<tu» 

(»atla| 

Intfrmiiirtit 

K.-uJar 

150  a/ 1,5  min, 
rvry  hour 

Mat  trackrr 

10  w/2  min, 
rvfry,  hour 

(-omjiutrr 

to 

•0  w/5  min, 
rvrry  hour 

Hlalilll/atlttn  ayairtn 

40  »/J0  aac, 
rvrry  hour 

H'trirontal  .car.nrr 

10 

llatr  (iyroM 

2  5 

5  ml  to  arr, 
larlcr  lially 

5kan  ar»k*>  and  Irat-krr 

l'rO|(rammar 

2 

Utmory  pronrammar 

Total 

•2.5 

2.15  «/l.5 

♦  05  mli  min 

♦  05  w/1,5  niln 

♦  65  «/0,5,  min 

♦  5  •/2  min 

The  orbit  time  will  be  6  hr.  of  which  a  maximum  of  44,75  min  will 
be  in  darkness,  and  a  minimum  of  zero  tor  continuous  sunlight)  depend¬ 
ing  on  the  orbit  chosen. 
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A  typical  radioisotope  generator  was  developed  by  The  Martin  Com¬ 
pany  to  provide  125  watts  uf  power  for  space  applications.  The  success¬ 
ful  demonstration  of  thermoelectric  materials  in  the  program  led  to  se¬ 
lection  of  a  static  thermoelectric  power  conversion  system.  With  an 
overall  system  conversion  efficiency  of  5%  with  thermoelectric  con¬ 
version,  2500  watts  of  thermal  energy  are  required  to  provide  125  watts 
electrical  output  after  operating  for  one  year.  Cerium- 144,  a  fission 
product,  was  chosen  as  the  fuel  because  of  ready  availability,  economic 
production  and  favorable  half  life  characteristics.  To  provide  the  nec¬ 
essary  thermal  energy  for  conversion  to  electricity,  880,000  curies  of 
Cerium- 144  are  required,  producing  an  initial  thermal  power  of  6500 
watts,  A  weight  of  200  lb  consists  of  a  structurally  supported  fuel  core 
and  an  outer  shell  which  houses  the  thermoelectric  system  (Pig,  lV-29), 
Us  outer  configuration  (a  cylinder  with  hemispherical  ends)  has  a  34  in, 
length  and  a  24  in,  diameter. 

The  generator  detail  design  is  slniwn  in  Klg,  lV-‘iU,  The  shell  of  the 
unit,  which  contains  the  thermoelec'tric  elements,  is  made  up  of  two  in¬ 
tegral  skins.  An  inner  skin  of  stainless  steel  serves  as  the  thermoele¬ 
ment  hot  junction,  and  an  outer  skin  of  aluminum  as  the  cold  junction, 

A  thermal  insulating  material  is  nested  around  the  elements  between 
the  two  skins. 

The  insulation,  located  at  the  bottom  of  the  unit,  is  hinged  and  is 
opened  by  a  mechanism  to  i>ermit  a  lurtion  of  the  inner  skin  to  radiate 
excess  heat  directly  to  the  surrounding  environment.  To  provide  a  con¬ 
stant  power  level,  3280  watts  of  the  initial  radioisotope  thermal  output 
are  radiated  to  the  environment  by  mr.^ns  of  a  thermal  shutter.  During 
a  i-yr  life  of  the  generator,  at  rated  output  of  125  electrical  watts,  the 
thermal  shutter  is  gradually  closed  to  compensate  for  radioisotope  de¬ 
cay,  Heat  is  generated  by  a  loading  of  880,000  curies  of  Ce-t44  con¬ 
tained  in  an  Inconel- X  block  at  the  center  of  the  generator.  The  block 
is  supported  from  the  shell  by  tutxilar  truss  members  which,  in  turn, 
are  suspcrided  ny  load  members  passing  through  the  top  and  sides  of 
the  unu.  The  load  members  are  attached  to  the  flight  vehicle  structure. 

Ground  shielding  is  provided  by  completely  filling  the  interior  of  the 
unit  with  approximately  4000  ib  of  mercury,  dust  prior  to  launching, 
this  mercury  is  drained  and  a  water  co«>l'iiit  coil  (suriounding  the  iso¬ 
tope  fuel  block)  serves  to  remove  heat  from  the  shield  mercury. 

The  isotope  fuel  capsule  (Pig,  IV-31)  is  a  cylindrical  Incunei-X 
block,  11  in,  long  and  3-3/4  in,  in  diameter,  containing  seven  equally 
spaced  1-in,  diameter  holes  drilled  through  the  block  parallel  to  its 
longitudinal  axis,  A  0,49-ln,  thick  threaded  closure  cap  is  filletl  to  the 
top  and  bottom  of  each  hole.  Radio-cerium  in  the  form  of  ceric  oxide 
fuel  pellets  is  loaded  into  thin-walled  stainless  steel  tubes  prior  to  in- 
staliation  in  the  capsule.  In  this  matter,  fuel  loading  operations  and 
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Fig.  tV«30.  Generator  Detail  Design 
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core  eurface  contamination  are  minimized.  Each  fuel  tube  contains 
0.1257  megacurie  of  Ce-t44.  A  tabulation  of  design  characteristics 
is  given  in  Table  IV-3. 

A  comparison  of  radioisotope  generators  with  battery  storag'.'  is 
shown  in  Fig.  IV-32.  The  weight  estimates  for  the  thermoelectric  gen¬ 
erators  are  those  projected  for  state-of-the-art  improvements;  by  1965, 
current  weight  estimates  would  be  higher.  The  voltage  regulation  for 
the  system  without  battery  would  be  so  poor  that  some  sort  of  voltage 
regulator  would  be  necessary.  Without  some  energy  storage  device,  a 
radioisotope  generator  for  the  indicated  load  chart  would  be  entirely 
impractical  because  of  the  large  ratio  of  averuge-io-peak  loao  (namely 
4:1).  Therefore,  a  nickel  or  silver  cadmium  battery  must  be  incorpo¬ 
rated  in  the  system  to  carry  the  peak  load. 

The  voltage  regulation  is  actually  performed  by  the  battery:  however, 
a  small  battery  charging  regulator  must  be  provided  to  ensure  adequate 
voltage  acceptance  level  for  battery  charging.  A  2  amp/hr  nickel-cad¬ 
mium  battery  would  supply  the  peak  level  requirements  every  hour.  The 
depth  of  discharge  would  be  low  enough  to  ensure  15,000  cycles,  whereas 
8750  cycles  per  year  would  be  required  by  the  mission  profile.  A  com¬ 
parison  of  life  and  weight  between  nickel-cadmium  and  silver-cadmium 
batteries  is  shown  in  Figs.  IV-33  and  lV-34.  The  choiee  of  a  battery  nec¬ 
essary  for  the  high  cycle  life  required  is  obvious  from  the  curves. 

A  solar  cell  generator  system  with  a  nickel-cadmium  battery  for  en¬ 
ergy  storage  is  the  least  expensive,  from  a  cost  and  weight  standpoint, 
and  provides  an  adequate  reserve  of  power.  The  components  are  avail¬ 
able  hardware  already  proven  for  the  intended  purpose.  State-of-the- 
art  improvements  were  not  extrapolated  for  the  present  design  and  all 
weights  are  based  on  hardware  immediately  available  and  suitable.  The 
system  would  be  composed  of  three  solar  cell  panels  located  120  de¬ 
grees  apart  on  the  surface  of  the  vehicle.  Conductive  cooling  would  be 
incorporated  to  limit  solar  cell  temperature  to  30'  C.  The  satellite  will 
rotate  with  respect  to  the  sun  so  that  the  individual  generator  outputs 
will  be  as  shown  in  Fig.  IV -35,  The  total  output  will  be  the  algebraic 
sum  of  the  currents  at  each  voltage.  The  panels  will  be  composed  of 
10  shingles  of  5  to  12%  effective  cells  in  series  in  a  strip,  and  five  50- 
strips  will  be  connected  In  parallel  and  in  series  with  a  protective  diode. 


1.0  2.0  3  0 

Load  Cut  rent  (ami>eres) 


Silver  cadmium 


K  I  iti)« 


Life  Cycles* 


TABLE  IV -3 

Design  Characteristics  of  Radioisotope  125*Watt  Generator 


Power  output 

125  watts  for  365  days 
of  constant  power 

Voltage 

26  volts 

Current 

4,46  amps 

External  load 

6,28  ohms 

Efficiency 

6.75%  thermoelectric 
a.O?*  actual 
j0%  carnol 

Heal  hiSft 

530  watts  (thermal) 

t'seful  heat 

2150  watts  (thermal) 

Heat  dumped  (initial) 

J280  watts  (thermal) 

Hot  junction  temperature 

1050*  F 

Cold  junction  temperature 

iir  1- 

Thermoelectric  radiator  suiface 

14,5  ft- 

hhutter  cmisMviu 

Isotope  inventory 

860,000  curies  Ce-144 

Weight 

200  lb 

Watts 

0,625  lb 

The  battery  selected  was  a  16  amp/hr  nickel-cadmium  type.  The 
cycle  life  required  fur  the  maximum  |>o8Hible  discharge  duty  is  1460 
cycles.  From  Figs,  IV-33  and  lV-34,  it  can  be  seen  that  a  choice  be¬ 
tween  silver  and  nickel  types  exists.  The  nickel  was  chosen  to  be  ultra- 
conservative  ill  regard  to  life  and  to  remove  any  loss  of  capacity  con¬ 
nected  with  cycle  life  questions.  However,  it  is  recommended  that  a 
test  program  be  instituted  to  determine  more  accurately  the  type  of  bat¬ 
tery  to  be  used  in  order  to  achieve  a  maximum  weight  saving.  Another 
factor  to  be  considered  in  the  cattery  selection  is  that  of  voltage  regula¬ 
tion,  In  order  to  achieve  good  voltage  regulation,  the  discharge  rate 
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was  k.pt  below  25%  on  the  system  without  the  use  of  any  additional  volt' 
age  resistors. 


TABLE  ;V-4 

Weight  Summary  of  Solar  Cell  System 


(lb) 

Solar  cell  generators 

13.5 

16  amp/ hr  nlckel*cadmium  battery 

29.6 

Klectrical  protection  equipment 

1.9 

Total 

45.0 
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F.  ATTITUDE  CONTHOL,  SYSTEM 

The  charactcrlstice  uf  various  attitude  control  system  configurations 
have  been  studied  In  order  to  define  a  control  system  thst  achieves  the 
desired  navigation  accuracy  and  is  economical  in  energy  requirements 
over  long  mission  times  in  the  mission  orbit.  Reaction  jet  control  sys¬ 
tems,  flywheel  systems,  and  combinations  of  these  were  considered 
(Refs.  IV-10  and  11).  For  this  application,  a  reaction  jet  contral  sys¬ 
tem  is  optimum  since  tu  use  reaction  flywheels  to  maintain  alignment 
with  the  local  vertical  demands  a  constantly  increasing  flywheel  speed 
which  exceeds  practical  values  long  before  the  I-yr  mission  time  has 
elapsed.  When  using  reaction  jets,  two  levels  of  thrust  suggest  them¬ 
selves:'  (Da  large  thrust  jet  (or  establishing  initial  orientation  and 
stopping  any  residual  angular  ratea  resulting  from  injection  propulsion 
cutoff:  and  (2)  a  lower  thrust  jet  to  maintain  control  after  the  limit  cycle 
has  been  establlsted.  This  type  of  operation  can  be  approximated  by 
pulse  modulating  the  thrust  from  a  fixed  jet. 

It  Is  always  difficult  to  Isolate  the  control  system  performance  from 
the  effects  uf  variations  in  the  vehicle  characteristics,  since  they  are 
so  closely  Interdependent  in  a  closed  loop  system.  Therefore,  in  this 
study,  a  typical  satellite  was  assumed  and  Its  characteristics  used 
throughout  the  analysis  of  the  various  control  system  configurations. 

The  effect  nf  variations  In  the  satellite  characteristics  was  not  Inves¬ 
tigated, 

The  satellite  Is  assumed  to  be  a  cylindrical  shape,  as  shown  in  Fig. 
IV -36,  with  a  6  ft  diameter,  a  7  ft  length,  and  a  weight  of  5000  lb.  The 
weight  breakdown  (Kef.  lV-12)  is  as  follows. 


Hem 

Weight 

(lb) 

Hate  gyros  <3) 

1.0 

Programmer 

17.0 

Computer 

175.0 

Horizon  scanner 

11.0 

Star  tracker 

30.0 

Radar  altimeter 

60.0 

Clock 

15.0 

Control  circuitry 

40.0 

Altitude  Control 
Orbit  Correution 


F  g  lV-36.  Attitude  and  Orbital  Control  Jets 


Fijy.  lV-37  SattrlUtv  Axis  System 
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Reaction  jrta  (12) 

35.0 

Reaction  jet  fuel 

3500.0 

Power  supply 

265.0 

Structure 

300.0 

Payload 

616.0 

Total 

5015.0 

The  configuration  includes  12  fixed  reaction  jet  nozzles  (Hef.  IV'13) 
to  provide  attitude  control  corrections  and  C  fixed  jets  for  the  orbital 
corrections  (the  jets  ate  positioned  as  shown  in  Fig.  IV‘36),  Engineer¬ 
ing  diagonally  opposite  jets  produces  torques  to  rotate  the  vehicle.  The 
fuel  carried  for  these  jets  is  sufficient  to  provide  the  i)eccss.trv  dail« 
orl)itul  coi  rections  («ef.  [V-14)  as  well  as  the  thrust  necessary  to 
maintain  the  alignment  of  the  vehicle  axis  with  the  earth  local  vertical 
as  shown  in  Pig.  tV*37* 

Since  the  satellite  tends  to  oscillate  continuously  about  its  control 
axesi  it  is  intentively  apparent  that  for  long  mission  times  many  thou¬ 
sands  of  operations  of  the  nozzles  and  their  control  valves  will  be  re¬ 
quired.  This»  of  course,  suggests  a  reliability  problem.  Similarly,  the 
orbital  (  orrection  thruster  will  be  required  to  operate  approximately 
730  times  during  a  l*yr  mission.  The  system  shown  in  Fig.  lV-36  is 
suggested  to  enhance  reliability.  The  basic  concept  is  that  a  hypergolic 

biprupellant  system.  whUh  is  characterized  by  an  of  approximately 

sp 

300  sec  and  high  thrust  chamber  temperatui  es.  is  used  to  provide  the 
thrust  for  orbital  corrections.  Ch(H>8ing  the  fuel  so  that  it  can  also  be 
used  (with  a  catalyst)  as  a  monopt^pellant.  provides  a  source  for  the 
large  number  of  chamber  pulses  required  in  the  attitude  control  sys¬ 
tem.  However,  the  attitude  control  jets  operate  at  a  much  lower  tern-' 
perature,  thus  minimizing  iimterlal  problems  and  Increasing  reliability. 

Another  assumption  effecting  the  vehicle  configuration  is  concerned 
with  the  propulsion  needed  to  Inject  from  the  ascent  trajectory  into  the 
parking  orbit,  transfer  from  the  parking  orbit  to  the  mission  orbit,  and 
inject  from  the  transfer  ellipse  to  the  mission  orbit.  The  total  velocity 
changes  for  these  maneuvers  are  more  than  8000  ft/scc.  It  is  assumed 
that  this  propulsion  system  is  separated  from  the  satellite  after  injec¬ 
tion  in  the  mission  orbit  and  that  its  ccntrol.  therefore,  is  not  part  of 
this  guidance  system. 

As  described  In  Section  IV-A.  an  altimeter  is  used  in  the  guidance 
system  to  determine  the  in-plane  parameters  of  the  satellite  orbit.  A 
radar  altimeter  is  proposed  and  Its  antenna  must  be  stabilized  to  look 
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along  the  local  vertical.  The  radar  muat  be  atablllzed  to  the  local  ver¬ 
tical  to  within  10.5  degree  In  order  to  obtain  the  deitreid  accuracy.  This 
can  be  accomplished  either  by  stabilizing  the  antenna  while  the  satellite 
attitude  varies  or  the  antenna  can  be  fixed  to  the  satellite  and  the  satel¬ 
lite  stabilized  to  the  local  vertical.  The  latter  approach  has  been 
studied. 

An  IK  horizon. scanner  ts  used  to  determine  the  local  vertical,  and 
Is  capable  of  indicating  the  vertical  to  an  accuracy  of  ±0.1  degree. 

The  yaw  axis  attitude  reference  Is  the  star  tracker  which  Is  also 
used  to  measure  Uic  occultation'timcs  for.  dcterininipg'the'  out  of. plane* 
orbital  parameters.  This  device  Indicates  the  heading  of  the  satellite 
relative  to  Its  Velucily  vector  to  an  accuracy  of  0,01  degree. 

All  of  the  above  data  and  assiiinptlons  lend  to  the  control  system  con¬ 
figuration  shown  tn  KIg.  IV-39.  The  reaction  jets  arc  Inherently  on-off 
devices,  and  the  following  sections  of  this  chapter  will  be  devoted  to  a 
study  of  techniques  of  operating  these  jets  so  as  to  meet  the  stability 
requirements  and  the  cconomlcal  use  of  fuel.  Since  the  satellite  motion 
Is  undamped  by  any  natural  phenonomcn,  tne  overall  system  operation 
will  be  characterized  by  a  continuous  bounded  oscillation  (a  limit  cycle). 
The  essential  design  cuinpromisc  sought  Is  to  minimize  the  amplitude 
of  the  limit  cycle  operation  and,  a:  the  sanie  time,  minimize  fuel  con¬ 
sumed  by  the  jets,  i’criurhatlona  can  be  expected  from  the  torque  on 
the  satellite  due  to  small  misalignments  In  tlic  orbital  correction  thruster. 
Similarly,  slight  differences  In  the  Initiation  and  cutoff  times  of  the  In¬ 
dividual  attitude  control  nozzles  will  result  in  pc>  turbing  forces.  Other 
disturbing  torques  arise  from  secondary  effects,  such  as  tlie  dumbell 
effect  which  tends  to  align  the  long  axis  of  the  satellite  with  the  local 
vertical,  llvaluatlon  of  lliese  torques  |>crinlts  the  Impulse  requirements 
of  the  jets  to  be  estimated  (Kef.  IV- 15).  The  maximum  pertvrbniinn  In 
the  pilch  and  yaw  plane  Is  caused  by  misalignment  of  thruster  used  si 
Injection  to  the  mlculcn  orbit  (1909  lb  thrust  assumed)  by  0.5  degree, 

Fo.-  the  vehicle  dimensions  chosen,  a  1.3  lb  reaction  jet  Is  required. 
Therefore,  in  the  phase  plane  analysis  to  be  presented,  thrust  levels 
of  7,0  lb  and  1.0  lb  are  used  to  straddle  the  estimated  requirements, 

1.  System  Analysis 

Initially,  a  conventional  bang-bang  approach  atudy  to  the  control  sya- 
tem  dealgn  was  conducted  at  various  thrust  levels.  In  addition,  the  ap¬ 
plication  of  pulse  modulation  of  the  jets  was  studied  at  a  single  thrust 
level  to  provide  an  Insight  to  the  imsslblc  performance  Improvement 
resulting  from  more  nearly  pruiwrtlonal  operation.  Phase  plane  tra¬ 
jectories  were  cuiiipuied  fur  each  ease  to  indicate  the  characterlatlca 
of  the  limit  cycle  and  the  approach  to  the  limit  cycle.  Total  Impulse 
requirements  arc  the  sum  of  the  Impulse  needed  to  ettabllsh  the  limit 
cycle  plus  the  Impulse  required  to  maintain  the  limit  cycle  for  the  dura¬ 
tion  of  the  mission  (1-yr). 


f.i,  1  til  1 1 
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Figure*  IV -40,  lV-41  and  IV-44  are  phaae  plane  plots  of  the  control 
system  performance  and  show  a  comparison  of  3  different  control  sys¬ 
tems  for  initial  conditions  of  50  x  10*^  rad/sec  from  a  displacement  of 
SO  X  10*^  rad  (  0.3  degree). 


Line*  1  and  4  are  the  "thrust  on"  lines  and  lines  2  and  3  are  the 
"thruat  off"  lines.  That  is,  whenever  the  error  (  +  ')  is  greater  than 
the  error  described  by  lines  1  and  4,  a  pair  of  thruster*  will  be  turned 
on  (in  the  case  of  the  pulse  modulated  system,  the  average  thrust  is 
proportional  to  the  amount  of  error  greater  than  the  error  described 
by  the  lines).  The  spacing  between  the  "thrust  on"  and  "thruat  off"  lines 
is  determined  by  the  hysterese*  and  time  delay  of  the  system.  The 

A  fJt  .t 

slope  of  these  lines  is  determined  by  the  equation  ly  (where 

m  lb  Die  ratio  of  rate  gain  to  positional  gain  and  Tq  Is  the  total  system 
time  delay).  For  stability,  must  be  negative  and  less  than  infinity 
(that  is,  m  •  Tq  >0)  and  the  spacing  between  the  "thrust  on"  and  "thrust 

off"  lines  must  be  less  than  the  spacing  between  the  two  "thrust  on"  line*. 
Since  the  spacing  between  the  two  "thrust  on"  line*  is  25  p  (6^  is  the 

angle  at  zero  rate  where  the  thrust  will  come  on)  and  the  spacing  between 
the  "thrust  on"  and  "thrust  off"  lines  1*  (Equation  1)  5  *5  d  O  '  f) 

2  ^ 

+  (m  Tq  -  T_  12)  a  (where  r  is  the  hysteresis  and  a  1*  the  acceleration), 


thU  says  that  2  e  p  >  0  p  (1  -  r)  +  (m  Tjj  -  T^/2)  a  or  m  < 


,(l  +  r) 


♦  Tn/2. 


The  equations  above  describe  the  limits  of  m  for  stability.  Further 
analysis  of  the  phase  plane  shows  that  there  is  a  value  of  m  between 
these  two  limits  which  minimizes  fuel  consumption  (Ref.  lV-16).  The 
formula  for  m  optimum  is  as  follows; 


(Tn  +  Jbl 


.  f(T, 


*  +  3b)*  +  4 


tt: 


a  +  b)  Tn  +2ab 


where 


a 

b 


0  p  (1  +  r) 
o 

^  e  F 
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Asiumlng 

Tjj  *  0.02  sec 

y  =  0.9 

ct  ^  -  49.8  X  10'^  rad/sec^  (7  lb  bang-bang) 
-3  ** 

O’  ^  =  7.1  X  10  rad/sec**  (1  lb  bang-bang) 

Solving  Eq  (2)  for  these  values  gives 
lb  =  2.58 


Since  the  maximum  usable  m  is  determined  by  the  signal-to-noiae  ratio, 
a  maximum  of  m  =  10  was  used.  For  the  1-lb  bang-bang  system,  the  rate 
channel  must  have  a  sensitivity  of  less  than  0.01  deg/sec.  This  sensitivity 
requirement  is  just  within  the  range  of  present  day  rate  gyros  and  is  easily 
attainable  with  passive  networks  (Ref.  IV- 17). 

For  the  pulse  modulated  system  (Fig.  IV-44)  no  '*thrust  off"  lines 
were  shown,  since  the  hysteresis  of  the  bang-bang  system  was  determined 
mostly  by  the  hysteresis  of  the  solenoid  valve  of  the  thrusting  and  In 
addition  as  error  approaches  the  value  of  the  "thrust  on"  lines, 

the  average  thrust  approaches  zero.  When  applying  this  to  Equation  U), 
we  get 

e  »  0J3  (1  -r)  +  (sn  Tq  -  tJI2)  Q 
.1  -  r  -  0 

o  0 

e-.o 

It  is  therefore  assumed  that  the  "thrust  on"  and  "thrust  off"  lines  are 
coincident  for  the  pulse  modulated  system. 

a.  High  thru.st  bang-bang  system 

Figure  IV -40  shows  the  phase  plane  for  a  control  system  using  a 
7 -lb  reaction  jet  system  on  a  bang-bang  type  control.  Analysis  of  the 
limit  cycle  (dmted  lines)  shows  that  average  fuel  consumption  over  the 
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Umlt  cycle  U  170  x  10  Ib/tec.  The  lliel  required  to  maneuver  the 

aatelUte  from  point  A  Into  the  Umlt  cycle  la  11,7  x  10*^  lb.  At  thle 
throat  level,  the  period  of  the  Umlt  cycle  la  24,8  aec  and  the  maximum 
angular  excuralon  of  the  aatelUte  la  0.218  deg, 

Thla  la  conalatent  with  the  accuracy  of  the  IR  horizon  acanner  and 
the  atablllzatlon  requlrementa  for  the  altimeter, 

b.  Low  throat  bang-bang  syatem 

Figure  tv -41  ahowa  a  phaae  plane  plot  for  a  1,0  lb  throat  bang-bang 
type  control  ayatem.  Reducing  the  throat  level  reducea  the  average  fvel 

conaumpUuii  over  the  Umlt  cycle  to  3.78  x  10*^  Ib/acc.  However,  the  fuel 
uaed  to  maneuver  the  aateUlte,  from  point  A  Into  the  Umlt  cycle  la  de- 

creaaed  to  9.7  x  10*^  lb.  At  thla  throat  level,  the  period  of  the  limit 
cycle  la  173  aec  and  the  maximum  angular  excuralon  of  the  aatelUte  la 
0,242  deg.  In  comparing  theae  two  throat  leveU  (the  ayatem  la  the  aame 
In  all  other  reapecta).  It  la  acen  that  with  the  larger  tnroat,  the  approach 
trajectory  time  la  ahortened  at  the  expenae  of  greater  fuel  conaumptlon. 

u,  Pulac  modulated  proportional  control 

Reaction  jeta  (full  on  or  off  devlcea)  are  moat  eaally  adapted  to  bang- 
bang  type  control  ayatema.  If  the  jet  operation  were  proportional  to  error 
atgnal,  it  la  poaalble  that  greater  economy  of  fuel  might  be  realized.  The 
problem  la  then  to  conatruct  aome  device  which  will  give  an  average  thruat 
from  the  reaction  jet  which  la  proportional  to  the  error  atgnal. 

An  obvloua  way  to  control  the  average  throat  la  by  opening  the  Jet 
In  pulaea.  For  Inatance,  "thruat  on"  for  1  aec,  "..hroat  off"  for  8  aec 
givea  uii  average  throat  of  t/tO  iimea  tiie  maximum  thruat.  The  '  thruat 
on"  time  divided  by  the  "thruat  off"  plua  "throat  on"  time  will  give  the 
average  thruat  (or  "duty  eyrie").  Therefore,  a  pulac  generator  or  mod¬ 
ulator,  whoae  duty  cycle  varya  proportionately  with  Input  algnal,  will 
yield  an  average  throat  which  la  proportional  to  the  error  algnal.  Fig¬ 
ure  IV-42  ahowa  a  graphical  rcpreaentatlon  of  a  0.3  and  0.2S  duty  cycle. 

Examination  of  the  phaae  plane  trajectorlea  ahowa  a  dead  zone  be¬ 
tween  the  two  "thruat  on"  llnea.  if  thla  dead  zone  did  not  exlat,  the  two 
thruat  on  llnea  would  be  coincident  and  paaa  through  the  origin.  Thla 
would  mean  that  either  poaltlve  or  negative  correettona  would  he  made 
at  all  timea.  Thua,  It  la  apparent  that  a  dead  zone  (In  which  no  thruatera 
are  operaled)  la  neceaaary  In  order  to  minimize  fuel  requlrementa. 

In  order  to  control  the  dead  zone  In  the  ayatem,  aome  type  of  threah- 
hold  detector  muat  be  uaed.  The  output  veraua  Input  charactcrlatlca 
of  thla  detector  must  be  such  that  when  algnal  Inputa  are  leas  than  the 
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Kif.  1V*41,  Phaiic  Plane  Trajectory  for  Conventional  Ban(-Ban( 
Attitude  Control  Syatem  (1-lb  thruat) 
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dead  zone  angle,  the  output  muat  be  zero.  This  la  neceatary  to  prevent 
noise  from  operating, the  pulse  modulator.  For  signal  Inputs  greater 
than'the  dead  zone  angle;  the  output-ahbuld  be  proportional  to  the  In¬ 
put.  In  addition,  for  slgnal  lnputs  It.ls  deslrablelto  have  a.small  signal 
output  slightly  less  than  or  equal  to  the  dead  zone  <to  Insure  one  pulsc 
and  one  pulse  only  from  the  pulse  modulator).  Insurance  of  a  single 
Input  pulse  during  the  limit  cycle  reduces  fuel  consumption  (since  more 
thim  one  pulse  would  cause  a  higher  rate  and  therefore  a  shorter  limit 
cycle  period).  Output  versus  Input  curve  for  such  a  device  Is  shown  In 
Fig.  lV-13. 


Output 

signal 


Fig.  (V-43.  Error  Magnitude  Detector  Characteristics 


Figure  IV-'N  shows  a  phase  plant  plot  for  a  proportional  control 
system  using  a  jet  thrust  of  7  lb.  The  system  Is  the  same  as  that  for 
Figs.  IV-10  and  41,  except  that  the  thrust  Is  proportional  to  the  amount 
of  error.  The  dotted  line  shows  the  Itmit  cycle  which  has  an  average 

fuel  consumption  of  5.01  x  10*^  Ib/scc,  while  the  fuel  demand  for 

moving  from  point  A  Into  the  limit  cycle  la  8.5  x  10*^  lb.  At  this  thrust 
level,  the  pertod  of  the  limit  cycle  Is  168  sec  and  the  maximum  angular 
excursion  of  the  satellite  Is  0.241  degrees. 


The  following  (Table  IV-4)  summarizes  and  compares  the  three 
systems: 


TABLE  IV-4 


System 

High  thrust 
Bang- Bang 


Limit  Cycle 

Fuel  Economy  Approach  Maneuver 

Fuel  Economy  TlghtncsH  of 
Wb/sec)^  (Ib/vr)  (lb)* _  System 

1.70x10*®  5440  11.7  x  10'*  Very  tight,  can 

correct  (or  large 

disturbance 

quickly. 
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TABLE  lV-4  (continued) 

Limit  Cycle 

Fuel  Economy  Approach  Maneuver 

Fuel  Economy  Tlghtneii  of 
Syitem  (lb/«ec)  (Ib/yr)  _  ,Ub)f  _  |j!“***5 _ 

Low  thrust  3,78  x  10'^  121  9.7  x  10*^  Loose  control, 

relatively  large 
errors  can 
develop  for 
short  times. 


Fi  opurtlonal  5,04  x  lO'^  161  8.5  x  10*^  Good  control, 

control  compromise 

between  the 
above  two. 


•4 

*To  re-establish  limit  cycle  from  0  •  50  x  10  rad  -  0.3  degrees; 

-4  ® 

6  ‘  50  X  10  rad/sec  >  0,3  deg/scc. 


2.  Hardware  Invcslltiallon 


A  program  was  undertaken  to  determine  the  degree  to  which  the 
pulse  modulated  system  described  above  could  be  realized  In  hardware. 


The  clrculs  have  been  designed,  breadboarded,  tested  and  packaged 
to  demonstrate  feasible  design  concepts  for  the  pulse  modulated  sys¬ 
tem.  Certain  of  the  circuits  are  well  established  designs  which  have 
been  used  In  various  Martin  missile  applications  and  represent  the 
result  of  considerable  experience  and  testing.  Other  circuits  have  been 
developed  and  tested  specifically  for  this  application.  All  circuits  uti¬ 
lize  semiconductor  application  techniques,  exclusively,  to  achieve  a 
high  degree  of  reliability  with  minimum  space,  weight  and  power  re¬ 
quirements.  The  reaction  control  circuits  have  been  constructed  In 
breadboard  form  and  have  been  tested  and  successfully  married  to  an 
analog  computer  to  demonstrate  adequate  characteristics  relative  to 
stability  and  accuracy. 


An  experimental  autopilot  has  been  packaged  as  shown  In  Fig,  lV-45. 
This  unit  is  designed  to  be  pressurized  to  approximately  one-half  atmos¬ 
phere  to  promote  heat  transfer  and  to  avoid  problems  associated  with 
operation  in  a  vacuum.  The  Internal  construction  of  this  unit  Is  shown 
in  Fig.  IV-46.  The  circuits  are  developed  on  printed  circuit  cards, 
each  of  which  Is  mounted  on  a  cast  aluminum  frame.  The  frame  serves 
botli  a  structural  function  and  as  a  heat  sink  mounting  for  power  diodes 
and  transistors.  The  primary  heat  flow  path  Is  through  the  frame.  Into 
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the  baae  platf.  and,  from  there.  Into  the  vehlrlc  structure.  Note  that 
this  construction  permits  ready  access  to  the  Individual  cards  for  In¬ 
flight  troubleshooting  and  maintenance  by  crew  members  on  manned 

3 

mission.  The  volume  of  the  unit  Is  approximately  2500  In.  and  the 
wel^t  Is  40  lb. 

The  reaction  control  circuits  provide  for  roll,  pitch  and  yaw  stabi¬ 
lization  during  coasting  flight.  Tlie  reaction  system  provides  propor¬ 
tional  plus  rate  control  for  large  errors  and  Is  also  capable  of  opera¬ 
tion  In  a  limit  cycle  mode  when  the  attitude  errors  are  reduced.  This 
dual  capability  Is  obtained  from  the  pulse  modulation  system,  used  to 
control  the  reaction  jets.  The  pulse  modulator  operates  under  a  con¬ 
trol  law  which  Is  linear  In  average  jet  thrust,  but  limits  both  the  pulse 
width  and  pulse  repetition  frequency  to  a  useful  minimum  and  maximum, 
respectively. 

The  reaction  control  system  circuits  produce  signals  which  operate 
the  vehicle  reaction  jets  In  response  to  attitude  displacement  and  rate 
error  signals.  Tlie  output  signals  are  modulated  In  such  a  manner  that 
the  average  thrust  produced  by  the  jets  Is  proportional  to  the  attitude 
error  signals.  For  errors  equal  to  the  system  deadspot  level,  the 
circuits  produce  single  pulses  of  a  minimum  duration  to  reduce  fuel 
consumption. 

A  single  axis  block  diagram  of  the  control  system  hardware  Is 
gtven  In  Fig.  lV-47,  Each  axis  employs  the  same  basic  elements  and 
the  three  axes  are  Identical. 


The  key  to  the  operation  of  this  system  lies  in  the  puise  modulator. 
The  function  of  the  modulatir  Is  the  production  of  a  constant  amplitude 
pulse  train  whose  average  value  Is  linearly  related  to  the  modulator 
Input  signal.  Th*  pulse  train  average  value  Is  varied  by  control  of  the 
pulse  width  and  the  pulse  repetition  frequency.  While  the  usual  approach 
to  such  a  modulator  calls  for  variation  of  either  pulse  width  or  pulse 
frequency  (while  holding  one  or  the  other  constant),  this  modulator  will 
vary  both  the  width  and  frequency.  The  width  and  frequency  are  varied 
In  such  n  manner  that  the  operation  Is  alwajs  <vlUiln  the  bounds  of  a 
certain  minimum  width  and  a  certain  maximum  frequency.  This  Is  an 
advantage  over  the  pure  pulse  width  or  pulse  frequency  modulation  be¬ 
cause  jets  do  not  respond  efficiently  to  cither  very  short  pulses  or  very 
high  frequencies.  The  modulator  follows  the  operating  laws 


T...  •  -T 


<Tw>„u„ 


f„ 


p  ntftx 


(x)  (1-x). 


where  T^  Is  the  pulse  width,  Is  the  minimum  pulse  width, 

fp  Is  the  pulse  repetition  frequency,  (fp)^,,,,  Is  the  maximum  pulse 
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F'ij*.  IV-45  l:.xpe*'iiiient.il  Autopilot 
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frequency,  and  x  Is  the  input  signal  normallzed«  the  value  of  input  error 

which  produces  a  unity  pulse  train  average  value- -(full  on  Jets).  The 

average  value  (or  duty  cycle)  of  the  pulse  train  Is  equal  to  the  product 

Tu;f  which  Is  linear  In  x, 
w  p 


Tw'p  =  ■* 


<Tw'mln 


For  errors  near  the  deadspot  value,  the  pulse  width  is  very  nearly 
equal  to  (T^)^,„. 

3.  Conclusion 


The  study  indicates  that  the  requirements  of  a  control  system  for 
use  with  the  attitude-occultatlon  guidance  system  can  be  met  with  exist¬ 
ing  technology.  A  proportional  pulse  modulation  attitude  control  system 
satisfies  the  accuracy  requirements  of  the  proposed  guidance  system. 
Under  normal  limit  cycle  operation,  the  vehicle  on  which  the  guidance 
system  is  placed  may  be  kept  within  the  required  radar  altimeter 
measurements  (0.5  degree)  and  consequently  within  the  1  degree  re¬ 
quired  for  orbital  corrections.  The  pulse  modulated  attitude  control 
system  minimizes  fuel  requirements.  The  major  development  prob¬ 
lem  In  the  control  system  is  reliability;  further  design  studies  and  a 
life  test  program  are  required  to  explore  the  potentialities  of  the  dual 
propellant  system  herein  described. 
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V:  KHROR  ANAI.YSIS 


A.  PKOPAtiATION  OK  t.AUNCH  KKRORS 

In  general,  the  aatellUe  wtU  be  injecteil  Into  the  final  orlilt  ur,.ler 
condltiona  which  deviate  from  those  prescribed.  If  these  deviations 
are  excessive,  the  fuel  required  to  make  the  corrections  for  the  pre> 
scribed  orbit  would  be  Intolerable.  Therefore,  remaining  for  assess¬ 
ment  are  the  effects  of  deviations  in  velocity,  altitude  and  flight  path 
angle  errors  at  the  time  of  Injection  Into  the  final  orbit.  An  error  In 
the  Inclination  of  the  final  orbit  will  also  result  from  the  injection 
deviation  In  axlmuth,  but  velocity,  altitude  and  flight  path  angle  errors 
arc  normally  the  major  sources  of  error.  The  effects  of  these  errors 
are  discussed  below  with  reference  to  a  circular  orbit. 

At  the  time  of  Injection  Into  the  final  orbit,  two  requirements  must 
be  satisfied  If  a  circular  orbit  is  to  be  achieved: 

(1)  ’nu  \-looitv  voetor  must  be  porpcinlicnlar  to  the  local  true 
ve'  tte.'il  (i.e.,  the  flight  path  angle  i  iW) 

(2)  The  vehicle  must  be  at  the  altitude  corresponding  to  the 
magnitude  of  the  circular  velocity  vector  In  (1)  above. 

In  general,  the  above  ronditiuns  will  not  be  satl.sfied  :it  Injection, 

.md  an  eceentiie  orbit  will  result.  .Silber*  has  considered  the  variations 
•  rt»ni  nonlitiLMt  futu’ttoniv  of  tho  ihjiuUion 

The  eiecntnrity,  ,is  .t  re.sult  of  altitmle,  velocity  and  flight  iiath  angle 
devi.ttioiis,  may  be  extiressed  as  follows; 


r^  >  circular  orbit  radial  distance 
r  «  deviation  from  correct  radial  distance. 

'*(^)  ' 

•  velocity  for  clrculailty 

^  V  »  velocity  error.  _ 

•Iteport  No.  DA  TK  5-51>.  U.  SUher,  Aerobanietlc#  Laboratorv. 
April  1953. 
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e  (^>0)  .  /sin  ^e/ 

(3) 

^  6  >  flight  path  angle  error. 

Combinations  of  these  errors  may  be  expressed  as 

(4) 

•(¥■“)  -/V 

Cin^  AS  A*  / 

(5) 

/  1 » 

\'^e  /  / 

(6) 

and 

)■ 

(7) 

•> 

COS  A  e 

1 

In  view  of  the  fact  that  the  radar  will  measure  the  altitude  at  injec¬ 
tion,  the  radial  distance  error  at  injection  should  not  be  prea'er  than 
I  naut  ml.  The  IK  system  should  provide  the  proper  flight  path 
angle  to  approximately  0. 10  degree.  Therefore,  if  the  velocity  error 
can  be  held  to  S  fpa,  the  eccentricity  should  be  0.0010  according  to 
Kqs  (1)  through  (7)  above.  The  assumed  errors  also  introduce  a  slight 
rotation  of  the  line  of  apsides;  the  direction  of  rotation  being  dependent 
on  whether  the  errors  are  positive  or  negative. 

The  effects  of  this  eccentricity  on  the  apogee  and  perigee  radii  are: 


'  2 
cot  . 

^0 

('•6' 

in 

18) 
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where 


-  apogee. radlua 
and 


^  V  .A 

’^V 

‘  ('  *^j}' 


where 


looa^  0 
(9) 


rp  *  perigee  radlua 

Subatltutlng  the  above  devlattona  In  velocity,  altitude  and  (light  path 
angle  Into  Eqa,  (a)  and  (9)  gives  a  ratio— li.  •  1,003V 
where 


r^  >  apogee  radial  diatance. 
rp  *  perigee  radial  diatance. 

Thla  corresponds  to  an  apogee-perigee  difference  of  approximately  40 
naut  ml  at  the  Injection  altitude  In  question. 

The  error  coefficients  for  perturbatlous  in  the  eccectrlclty  and 
perigee-apogee  radii  are  summarized  In  Table  V-1. 
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TABl.K  V-1 
Krror  Coefficient* 

0.010/0.05%  radial  distance  error  at  Injection. 


0,020/  1%  velocltv  error. 


0.018/degree  flight  path  angle  error. 


1%  deviation  In  perigee  radlua/lTo  deviation  in  injection 
radius. 

0  for  i5V^0,  *4%  deviation  in  perigee/*  1%  deviation 
In  velocity'. 

1 . 8%  deviation  In  perigee  radius/ 1%  deviation  In 
night  path  angle. 


3%  deviation  In  apogee  radius/ 1%  deviation  in  li\Jection 
radius. 


4%  deviation  In  apogee  radlus/1%  deviation  In  injection 
velocity. 


1.8%  deviation  in  apogee  radius/1%  deviation  In  night 
path  angle. 


v-a 


i 


R,  SYSTEM  ERRORS 


1.  The  Radar  Altimeter 


If  the  signal-to-noise  ratio  in  the  IF  passband  of  the  receiver  can 
be  maintained  ul  a  siifficicntly  high  level  >12  db),  the  radar  rangp 

can  be  measured  with  a  precision  of  from  0,10  to  0.20  mi.  The  radar 
altimeter  section  (IV- A)  has  shown  that  the  signal-to-noise  require¬ 
ment  can  be  satisfied  will)  tlie  system  design.  There  are  other  sources 
of  error,  however,  w'liicii  wiii  increase  the  above  error  estimate.  Due 
to  the  method  of  tracking  the  local  vertical,  the  radar  will  not,  in 
general,  be  looking  along  the  true  vertical.  In  addition,  the. initial 
radar  readings  cannot  he  corrected  for  target  latitude  at  tlie  time  these 
initial  measurements  are  recorded,  and  a  mean  earth  radius  must  be 
used  to  define  the  radial  <l!stance  of  the  satellite  from  the  center  of 
the  earth.  When  tlie  orbital  parameters  have  been  established,  the  sum 
of  the  radar  altitude  readings  and  earth  radius  can  be  corrected  for 
latitude, 

A  consideration  of  the  geometry  of  the  problem  indicates  that  total 
error  in  defining  the  radial  distance  of  the  satellite  from  the  center 
of  the  earth  should  be  sliglitly  under  1,0  mi  in  the  initial  calculations. 
This  level  of  accuracy  cannot  be  expected  to  hold  for  I  yr  of  automatic 
operation,  due  to  drifts  in  the  vertical  tracking  system  and  the  radar 
altimeter. 

2.  Infrared  Vertical  Tracker 

The  III  system  provides  the  error  signals  for  continuously  erecting 
tlie  vehicle  to  the  local  vertical.  The  accuracy  of  the  IR  system  can 
be  estimated  from  Fig.  V-l. 


KR  I1U47 


V-6 


Fl({.  V-l.  Accuracy  of  IR  System 


In  an  attcm|)t  to  obtain  the  maximum  value  of  f  for  a  given  altitude, 
one  of  the  two  rndli  of  t.mgency  is  assumed  to  be  at  the  pole,  in  which 
Ar, 

case  jp  is  maximum  <-0.002!!5).  The  other  two  values  of  Ar  are 

then  functions  of  satellite  latitude.  However,  fur  purposes  of  simplifi¬ 
cation,  the  altitude  is  assumed  to  be  measured  from  the  radius  of  a 
sphere  of  the  same  volume  as  that  of  the  earth.  Thus,  Ar^  •  0.  With 

these  simplifications,  the  error  in  the  local  vertical  due  to  the  earth's 
elllptictty  is  less  than  0,122  degree  above  the  1000  statute  miles.  Thus, 
while  this  number  represents  only  the  inherent  inaccuracy  of  such  a 
vertical  defining  technique,  it  appears  reasonable  to  assume  that  the 
local  vertical  ..in  be  known  to  within  0.1  degree  at  a  6000-mi  aiutudc. 

This  accuracy  seems  to  be  sufficient,  since  the  present  studies  in¬ 
dicate  that  errors  in  the  direction  of  the  thrust  vector  as  large  as  O,.*) 
degree  produce  very  sliglit  errors  in  the  orbital  parameters. 


It  is  not  expected  that  a  0,10  degree  precision  could  be  maintained 
over  a  period  of  1  ye  ir  due  to  ilrifls  in  eircuil  vomixineiUs  of  tlie  system. 
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3.  Occultoscope’Star  Tracker  System 


The  overall  effects  of  any  errors  in  the  occultoscope*star  tracker 
system  will  be  interpreted  as  *'time  of  occultation"  errors  insofar  as 
the  orbit  computation  is  concerned.  These  errors  arise  from  meteor¬ 
ological  fluctuations  and  instiniment  errors.  Work*  completed  on 
another  phase  of  this  effort  showa  that  the  expected  error  in  the  de¬ 
termination  of  the  actual  occultation  time  should  be  no  greater  than 
0,10  sec.  In  the  error  analysis  of  the  system  contained  in  the  following 
section  (V-C),  we  have  assumed  the  “time  error  equivalent"  to  be 
somewhat  larger.  The  geometry  used  m  the  error  analysis  (as  shown 
in  Section  V-C)  and  the ''time  equivalent  error"  at  the  upper  limit  of 
the  occulting  surface  are  taken  as  1.5  mi  (Kig.  V-2). 

Use  of  this  estimate  of  error  results  in  predicted  position  error 
within  the  1  ml  required  if  an  excess  of  orbit  computation  data  is 
available. 


•"Stellar  Aberrasco|>c  Study,"  Final  Kei>ort, General  Mills,  Inc., 
December  lUGU. 


rime  error 
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Fit{  V-2.  Time  Equivalent  Error 
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C.  COMPOUNDED  SYSTEM  ERROR  ANALYSIS 


The  problem  ol  procesalng  data  to  obtain  a  prediction- is  crucial  to 
any  position-predicting  system.  In  this  section  we  will  consider: 

(1)  Measurement  of  errors. 

(2)  Handling  of  systematic  Instrument  errors. 

(3)  Errors  in  time. 

(•I)  Sources  of  errors. 

(S)  Program  for  evaluating  system. 

1.  Measurement  of  Errors 


Errors  measurements  have  been  considered  as 

V  *”l 

^">1  •  Z  -357 

J  vl  J 


Measurements  usually  are  given  as  range,  an  angle,  a  range  rate,  or 
angular  rate,  at  some  known  certain  time.  A  range  measurement  means 
that  the  object  is  some  place  on  a  sphere.  Near  the  approximate  posi¬ 
tion,  the  sphere  can  be  considered  by  a  plaM.  An  error  in  range  implies 
an  error  in  the  location  of  this  plane.  Let  d;  be  a  unit  vector  normal  to 
th  ^ 

the  i  range  plane.  The  direction  cosines  of  ^are  coa  cos  0^  and 

cos  An  error  in  range  cauaes  an  error  in  the  positioning  of  the 

range  plane  along  the  normal.  The  positioning  of  this  range  plane  for  a 
given  range  error  is 

dYj  cos  Oj  -t0yj  cos  Oj  cos  Yj  (2) 

If  the  approximate  orbit  is  known  then  the  direction  cosines  are  known. 
We  assume  that  a  alight  error  in  the  direction  cosines  caused  by  errors 
in  the  approximate  position  are  negligible.  Since 

6 

■  I  *g<«V^Cj 

J-l  J 
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r  *Mi 

*  Z  -557 

by  combining  Eq.<2)  and  (3).  ThSa  la  the  form  required  for  uae  in  the 
leaat  aquarea  method. 

An  angle  meaaurement  atao  eatabllahea  a  plane.  A  direction  meaaure* 
mem  ia  the  Intersection  of  two  normal  planes,  each  plane  containing 
the  line  of  alght.  An  error  in  direction  la  the  error  of  the  interaectlon 
of  two  planea  whoae  poaitlon  errora  are  independent  of  each  other.  An 
error  in  direction  is  written  in  the  required  form  as  two  Independent 
measurements  of  poaitlon  planes  which  are  normal  to  each  other. 

Error  in  range  doppler  can  be  written,  where  Ar^ 

Ar  •  dXj  00a  Oj  +  ^y  cos  Bj  +  Aij  cos  (5) 

Using  Eq  (3) 
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leads  to 


.  V  ®“l  ^ 

*  Z  ‘i’ 

which  can  be  need  with  our  formalism. 

For  angular  rate  measurement,  similar  reasoning  leads  to  the  re- 
iiulred  form  with  the  two  inuependent  measurement  planes  in  velocity 
space. 

2.  Handling  cf  Systematic  instrument  Krrors 


instrument  errors  are  usually  classified  as  random  and  systematic. 
We  have  shown  huw  to  handle  random  errors,  and  until  now  we  neglected 
the  possibility  of  systematic  errors  which  can  be  handled.  To  illustrate, 
we  take  a  radar  set  range  measurement.  A  radar  measures  the  time 
interval  between  the  sending  and  receiving  of  a  radar  signal.  There  are 
two  possible  systematic  errors  besides  the  random  or  noise  errors. 

The  range  or  the  time  Interval  is  measured  by  starting  and  stopping  of 
some  timing  device.  The  radar  may  consistently  start  or  stop  the 
timing  device  early  or  late.  This  means  that  the  measured  range,  out- 
aide  random  error.s.  Is  off  by  a  constant.  The  second  error  would  be 
in  the  timing  device.  It  may  run  fast  or  slow  which  introduces  a  linear 
error  in  the  range  measurement.  A  range  measurement  can  then  be 
considered  as 


r  j  ■  r  +  dr,  +  a  +  br  (8) 

measured  o  1  o  '  ' 

where  dr^,  the  random  Gaussian  error,  r^^  the  actual  range,  a,  a  range 

error  in  stopping  and  starting  ofclock  and  br^,  the  error  caused  by  the 

timing  device  being  fast  or  slow.  Kquation  IS)  can  be  written  as 


dri 

•  r  a*r*i"br 

measurement  o  o 

(S> 

Equation  (3)  becomes 

V  ®“i 

•  Z  <<='  *1>  -  a  -  br„ 

J 

(10) 

The  developed  formalism  can  be  used.  The  systematic  errors  are 
Just  treated  as  two  additional  constants  of  integration.  Any  systematic 
error  which  can  be  linearized  can  be  counted  for  by  considering  it  as 
an  additional  integration  constant  to  be  evaluated. 
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3.  Error*  In  Time 


Until  now  wc  have  aisumed  that  the  basic  time  of  the  measurement 
n?t  in  error  (1.  e. .  the  clock  was  perfect).  If  the're  is  systematic 
i.-'ear  t  rror  in  theclock,  this  error  can  be  treated  as'another  constant 
to  b:  evaluated.  The  error  in  the  clock  would  generate  an  error  in 
the  position  of  the  reference  orbit.  The  errors  with  respect  to  the 
reference  orbit  would  be 

C  »M,  dM, 

!•!  •» 

where  "a"  is  rate  of  linear  time  error.  Note  that  a  time  error  for 
elliptical  orbits  might  be  considered  an  error  in  the  semimajor  axis, 
or  in  the  gravitational  constant. 

If  the  time  of  measurement  itself  is  subject  to  a  random  error  then 


?  8M,  8M, 

*  2,  ■3^7  ^ 

J.l  1 
or 

,  8M,  J  8M, 

^  i 

Oal  J 

where  i8M'  is  new  measurement  error  that  includes  random  time  error. 
The  square  of  the  standard  deviation  of  AM*  is  equal  to  the  sum  of  the 

8M. 

squares  of  the  standard  deviation  of  AMj  and  ^t. 


a.  Nonindependent  measurements 

We  have  assumed  that  each  measurement  is  Independent.  For  the 
system  that  wc  shall  evaluate,  theoccultation  readings  will  not  be 
completely  Independent.  The  variation  in  the  atmosphere  is  really 
not  Gaussian.  It  could  be  hoped  that  some  sort  of  prediction  method 
could  be  Incorporated  into  the  present  position  predicting  systr'.  to 
Improve  it.  This  paper  does  not  consider  nonindependent  measure¬ 
ments. 


b.  Evaluation  of  a  functioning  system 

After  a  system  is  in  operation,  it  should  be  evaluated.  By  using  the 
"best"  orbit,  the  Amj  can  be  tabulated  and  the  instrument  standard 
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deviation  can  b?  evaluated  statistically.  If  more  than  one  type  of 
measuring  instrument  is  used,  care  must  be  taben  in  the  evaluation  of 
the  individual  instrument  errors. 

In  the  evaluation  of  the  actual  standard  deviation  of  the  instrument 
errors,  the  distribution  of  the  samples  should  be  Gaussian.  Measure- 
ments  tuken  in  different  directions  and  different  parts  of  the  orbit  also 
should  be  subjected  to  analysis  of  variance  to  try  to  locate  irregularities 
in  the  evaluation  of  the  standard  deviation.  Any  non-Qausslan  effects 
could  indicate  that  the  instrument  error  is  nou*C‘ '  usslan  or  that  there 
is  a  systematic  error  in  the  orbit,  i.e. ,  some  s:„.iiUeant  physical 
effect  is  being  neglected.  Whether  any  non-Gaussian  effect  is  the 
Instrument  on  an  error  in  the  equations  of  motion  will  have  to  be  left 
to  \h>t  discretion  of  the  person  analysing  the  statistics  and  available 
physical  explanations.  The  existanee  of  non-Gaussian  effects  should 
should  be  investigated  with  all  the  tools  of  statistics  and  physics.  An 
attempt  should  be  made  to  construct  some  explanation  for  the  existanee 
of  non-Gaussian  effects  exists. 


c.  Probability  ellipsoid 

We  want  to  know  the  size  of  the  ellipsoid  for  different  p  (percentage) 
levels.  First,  find  the  eigenvectors  and  eigenvalues  of  the  3*dtmen- 
sional  positional  probability  ellipsoid.  Reorient  the  axis  and  the  distri¬ 
bution  is  in  terms  of  and  $,  ;  and  1  and  the  inverse  square  root  of  the 


eigenvalue  (c^  •Vn* 


f  (fix) 


(2») 


.ITT 


r  ,  2  ,2  _  2']  (12) 

-  1/2  ,^)  +(^)  +(J)  _ 

L  "f  "’I 


A  linear  change  in  variables,  x 


and  z  •  — 2-make 
’1 

the  distribution  spherical.  Now  change  to  spherical  coordinates  and  the 
probability  of  the  actual  object  being  within  a  certain  sphere  R  (i.e. ,  a 
certain  ellipsoid)  is 


Pj  (R) 


4« 


(2*) 


1/2  r 


dr 


.  VI  [je'‘/*«-*dr-Re-''2«'] 


(13) 
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For  twc  dimensions,  the  equstlon  is 


,  p  ,  r  R 

Pj  (R>  *  \  S»  r  e  Tdr  «  1  -  e  '  2 

o 

and  'or  one  dimension 

R  p2 

i  j  e'  Tdr 
-R 

These  are  tabulated  in  the  foltowlng  order. 


R 

PjtR) 

P,(R) 

O.S 

o.o: 13 

0.1173 

0.3829 

1.0 

O.II'ST 

0.3933 

0.6827 

l.s 

0.4779 

0.6733 

0.8884 

2.0 

0.7386 

0.8647 

0. 9343 

2.3 

0. 9000 

0. 9361 

0.9876 

3.0 

0.9707 

0,9880 

0.9973 

3.3 

0,9934 

0,9978 

0.9999 

4.0 

0,9989 

0. 9997 

1,0000 

4.3 

0.9998 

1.0000 

1.0000 

3.0 

1.0000 

1.0000 

1.0000 

4.  Sources  of  Error 


There  are  two  major  sources  of  error  in  the  measurement  of  the 
time  of  egress  or  ingress  of  star  by  an  oceultation  instrument.  One 
source  is  the  oceultation  Instrument*  s  inability  to  determine  the  exact 
time  of  oceultation.  The  other  is  in  our  knowledge  of  the  exact  density 
profile  of  the  refracting  atm'jsphere  at  any  specific  time.  The  linear 
sum  of  both  errors  will  be  considered  as  variations  in  our  knowledge 
of  the  radius  of  the  earth.  Both  the  oceultation  instrument  time  error 
and  earth  radius  atmospheric  errors  for  this  analysis  are  assumed  to 
be  Gaussian,  Independent  and  with  fixed  standard  deviations,  so  that 
their  linear  combination  has  a  normal  distribution. 

a.  Kffcct  of  errors 

When  an  egress  or  ingress  oi  a  star  occurs,  the  satellite  is  somewhere 
on  the  oceultation  cylinder  {see  Fig.  V-3). 
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Fig.  V-3 

When  the  approNimatc  position  of  a  satellite  is  known,  the  cccultatlon 
cylinder  can  be  approximated  by  an  occultatlon  plane.  The  satellite 
is  in  some  ''sample”  plane  which  is  parallel  to  this  occultatlon  plane 
when  the  occultatlon  Instrument  indicates  an  occultatlon.  Since  both 
sources  of  error  are  Gaussian,  the  distribution  of  distances  of  the 
sample  plane  from  the  occultatlon  plane  is  therefore  Gaussian. 

b.  Coordinate  system 

The  intersection  of  the  satellite  orbit  and  the  occultatlon  plane  will 
be  the  origin  of  rlght'handed  C.trtesian  coordinates  (dx,  fly,  £x).  The 
fiz  axis  is  established  by  drawing  a  line  through  the  origin  and  the  center 
of  the  earth  with  the  positive  direction  being  away  from  the  earth.  The 
£x  axis  is  in  the  satellite  orbital  plane  with  positive  direction  in  the 
direction  of  the  velocity  vector  of  the  satellite. 

The  distance  between  th^  occultatlon  plane  and  the  i*^  sample  plane 
is  £dj  ’  £'d|  ■  ,  where  ^dj  is  unit  vector  normal  to  occultatlon  plane 

and  Pj  is  any  position  (Axj,  Aj-j,  iij)  on  the  sample  plane.  The  direc¬ 
tion  cosines  of  d'dj  arc  cos  Oj,  co»  Dj  and  cos  Vj. 

^d  •  cos  Oj  *  /Sj-j  COB  Bj  +  dZj  cos  Vj  (15) 

c.  Calculation  of  occultatlon  plane 

Because  our  primary  interest  is  in  errors  In  circular  orbits,  the 
orbit  will  be  assumed  clrcuUr  about  a  spherical  earth  (Fig.  V-4).  The 
position  of  the  star  of  the  1'"  occultatlon  will  be  given  by  its  right 
ascension  (Oj),  and  its  decllniitlon  (fj),  where  the  right  ascension  is 
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measured  in  the  crblt  plane  from  the  x-axis.  For  a  specific  star  and 
a  specific  orbit  the  relative  and  can  be  calculated  from  the 

celestial  right  ascension  and  declination  and  knowledge  of  the  specific 
orbit. 

In  a  right-hand  Cartesian  coordinate  system  (x,  y,  zl  whose  origin 
is  he  center  of  the  earth,  the  satellite  orbit  defines  the  x-y  plane 
where  the  arbitrarily  chosen  perigee  defines  the  x-dlrectlon.  Using 
usual  Eulerian  angles  (see  Goldstein,  Classical  Mechanics,  Section 

tV-4),rotate  by  an  angle  Oj  *  about  the  z-axls  (see  Fig.  V-4),  Then 

rotate  by  an  angle  about  new  x'-axls.  This  points  the  new  y"  axis  at 
the  star.  ^ 


at 


The  intersection  of  the  orbit  and  the  occultation  cylinder  will  occur 


r 


2 


2 

y" 


•R 


(16) 


where  r  is  the  distance  the  satellite  is  from  the  center  of  the  earth. 

L.et  e  be  the  angle  from  the  x  axis  to  the  satellite’ s  position.  It  can  be 
shown  that  the  satellite  crosses  the  occultation  cylinder  when  (use  Eq 
(16)) 
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(17) 


[l  -  cos*  5j  cos*  {6  -  Oj)]  * 

Given  ;*  of  the  specific  circular  orbit,  there  are  four  values  of  a„ 

“i 

■  6  -  Oj  which  satisfy  Eq  (17).  Occultauon  can  occur  only  where  cos 
(6  -  Oj)  •  cos  (Oj^j  )  <  0. 

d.  Direction  of  errors 


When  the  plane  is  through  the  center  of  the  earth,  the  satellite  and 
reference  star,  this  plane  Intersects  the  earth  forming  a  great  circle 
(see  Fig.  V-5).  By  spherical  trigonometry: 


S  *sTn^ 


Great  circle 
intersection 


Position  of 
satellite  prn< 
Jected  on  the  — > 
celestial  \ 
sphere 


Fig.  V-5 


The  angle  A,  is  the  l'"  star's  aximuth  in  the  satellite's,  (Ax,  Ay,  Ax), 
«  th 

coordinate  system  at  the  time  of  occiltatlon.  From  Fig.  V-6,  the  1 

O 

star's  declination  Dj  at  the  time  of  occultatlon  is  cos  Dj  where 
-90-<D,<0. 


®  J  f.lne  of  aximuth  on  plane 


Fig,  V-6 


The  direction  cosines  of  the  line  joining  the  setelUte  end  the  star  are: 
cos  •  cos  cos  Aj 


•  cos  Dj  sin  Aj 


The  axlmuth  of  A  d*  Is  obviously  equal  to  A^  and  Its  declination  Is  equal 
to  D  -t  .  The  direction  cosines  of  the  normal  are: 

cos  Oj  •  -  sin  Dj  cos  Aj 

cos  flj  •  -  sin  Dj  sin  Aj  (19) 


For  the  radar  readings,  the  direction  cosines  of  the  sample  plane  are 
fixed  cos  Oj  •  Oj  •  0  and  cos  Vj  *  •  • 

5,  Program  (or  Evaluating  System 

a.  Program 

To  obtain  Eq  (4)  we  use  Ax  •  A,,  f  cos  ♦  +  Aj  r  sin  ♦;  (q  ■  0  1  ■  0) 

AV„  AV  AV 

Ar  •  2Arg  +  2 r  -^2-  *  cos  M  (Ar^  +  2  +  oln  M  ( r 

Ar„  AV„  rAr„  AVI 

A*  •-  3M  +-^)  +Aw  +  2  slnM  I 

2  [l  -  cos  mJ  — ^  and  Eq  (19)  to  construct 
matrices  (cos  o^,  cos  0^,  cos  Yj).  (20) 


sin  cosMj  0  0 


I  -  2  +  2  cos  Mj  -  3  Mj  +  2  sin  Mj  -  3  Mj  +  4  sin 


2*2  COS  M, 
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The  product  of  theses  two  is  defined  as  N\hlch  is  equivalent  to 
Eq  (5),  Each  m.  is  then  divided  by  its  specific  The  n  readin/js  and 

resulting  are  combined  to  form  matrix 
"i 


(21) 


which  is  inuItipUed  b%  itn  ttMiiNp^/sed, 


K!  !i  ' 

■i\  :l  j  II  i 


(22) 


The  fl:  '•t  place  of  data  to  b<*  obtalneti  from  thef^’l  Is  the  quality  of 
the  evnluat;on>  of  This  is  obtained  by  matrix  multiplication. 


1 

whcM‘e 

K[^MpAM,] 

•  1 1 

(000022)  fM’’ I  y 

2, 


2 


(23) 


If  a  different  set  of  parameters  \\er  used»  the  could  have  been 
taken  directly  fiom  thej*^  matrix. 

Kor  prediction,  the  matrix  of  the  required  linear  transformation  is 
equal. 
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1  >2^2cu8M  -3M  *2sinM  -3M  MslnM 

T  T  T  T  T 


(t)  *  |sln  cosT  0 


0 

sinN^ 


2  -  cos 


0 

2  -  2  cos  M 

T  / 

<24) 


The  characteristic  futictlon  of  tho  3 -dimensional  probability  ellip- 
sulU  Is  obtained  by  matrix  multiplication. 


Ax 


(23) 


The  eigenvector^  of  thN  matrix  are  the  eigenvectors  of  the  positional 
probability  clllpbuid  and  the  square  root  of  the  eigenvalues  arc  equal  to 
the  standard  deviation  along  that  axis  in  the  positional  probability  ellip¬ 
soid. 


To  find  the  ir.pUne  probability  ellipsoid,  llq  (24)  Is  redefined 
0  0  I  -2^2cosM  -JM  *2  810  M  -3M  MslnM 

T  T  T  T  T 


D 


(t)  *  0  0  0 
0  0  0 


and  Kq  (23)  becomes 


0 

sin 

(% 


0  a 


''x  ''  XX 

10  0  0 

1  r  *  '  2 


0 

2  -  cos 

\ 

,2\ 


I'ax  V 


which  yields  2-dimenslonal  tnplnne  ellipsoid, 
b.  Kvaluatlun  of  the  system 


0 

2-2  cos  M 


(26) 


A  computer  study  was  conducted  to  determine  the  quality  of  predic¬ 
tion  that  can  be  obtained  by  a  satellite  borne  occuUation-lnstrument 
radar-altimeter  system.  The  study  was  not  exhaustive  but  the  general 
accuracy  of  the  system  was  determined.  We  shall  present  some  sample 
results  to  Illustrate  our  general  conclusions. 
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For  the  sample  predictions  we  assume  that  the  vehiclt?  Is  In  a  six- 

hour  circular  orbit  ( r  «  5  *  5  x  10^  ft)  and  that  occultatlon  (Ingresslon 
and  egression)  are  taken  from  four  stars  whose  location  is  given  in 
Fig.  V-7  and  Table  V-2.  The  and  fij  were  defined  in  Fig.  V-4. 


The  were  varied,  but  the  absolute  value  ^  of  the  stars  was  the  same 
for  each  pt  ediotlon, 


A  3a  value  (see  Table  1)  of  the  occultatlon  readings  was  taken  as 
1.5  mf  which  seems  to  be  a  reasonably  representative  value  when  con¬ 
sidering  the  statistics  of  the  atmospheric  variation.  If  another  3o 
value  were  chosen,  the  results  of  the  examples  would  only  need  to  be 
linearly  acaled  The  3a  value  may  be  pessimistic  because  the  occulta¬ 
tlon  readings  are  not  completely  independent  and  some  sort  of  predic¬ 
tor  inetliod  might  reduce  the  Inaccuracy.  It  should  be  noted  that  a  con¬ 
stant  bias  should  at  least  he  assumed  for  the  actual  prediction.  This 
bins  would  be  treated  n.s  just  another  constant  of  integration  (see  Eq 
(10». 

In  one  orbit,  8  occultatlon  re.adlngs  can  be  taken  (4  Ingress  and  4 
egress).  For  the  six-hour  orbit,  the  elevation  of  an  occulting  star  In 
the  satellite  coordinate  system  (Ax,  Ay,  Az)  is  -67,9*  (see  Fig.  V-6). 
The  basic  Aj  and  a  M^for  6j  Is  given  In  Table  V-3  (see  Fig,  V-5). 
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V-22 


TABLE  V-3 

Jl 

5* 

13.4* 

158.4* 

10* 

27.5* 

160.2* 

IS* 

43.5* 

163.6* 

The  quality  of  prediction  Is  repreiiented  by  a  3o,  3>dtmenslonal 
ellipsoid  (see  Pig.  V-S)  which  would  contain  97%  of  the  orbits  If  8 
occultatlon  readings  are  taken,  for  360*  <  M^<rU,  •  10*,  3o  •  1,5  ml. 

The  prediction  elllpsulus  are  for  «  0*,  30*  and  60*  (pig.  V-8). 

In  general,  the  trl-axlal  ellipsoid  has  axes  which  can  be  designated 
as  the  dx.  Ay  and  A  z  axes  because  the  ellipsoid  does  not  tumble  as 
varies.  It  oscillates  and  pulsates,  but  It  dues  not  tumble.  In 

general,  the  A  x*axla  is  greater  than  the  A  z-axis.  As  the  declination 
of  the  stars  Is  Increased,  the  Ayaxls  of  the  probability  ellipsoid  de> 
creased  rapidly  while  the  A  x-  and  A  z>axes  increased  slowly, 

Pigurea  V-9  and  V-10  represents  the  length  of  the  Ay-  and  ^x-  axis 
as  a  function  of  the  M,  of  prediction.  The  A  z>axls  was  not  plotted 

because  It  is  always  less  than  the  A  x>axis.  The  A  yaxis  is  cyclic  as 
Is  the  A  z-axls,  but  the  A  x-axIs  Increases  as  the  time  of  prediction 
Increases.  By  inspection  of  Bq,  (20).  It  can  be  seen  that  Ihe  non- 
cyclic  part  of  d  x  comes  from  an  error  In  d  a  (1  e.  an  error  In  the 
evaluation  of  the  period).  Por  the  runs  of  Figures  V-9  and  V-10  the  3o 
values  of  d  a  are  tabulated  In  Table  V-S. 


TABI.K  V-« 


«1 

IS 

0^ 

5- 

0.483  miles 

10* 

0.  554  miles 

15- 

0.721  miles 

The  da  Increases  with  Increasing  i|. 

Although  we  are  primarily  Interested  in  the  6-hr  orbit,  Ihe  altitude 
varies.  The  major  effect  of  the  lower  altitude  is  an  increase  in  the 
A  X  error  and  a  decrease  In  the  d  x  error. 
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Fig.  V*8»  Thre«*Dimensional  Ellipsoid 


V-24 


Becauie  of  the  cvcilc  nature  of  the  ^y-axis  and  its  relative  Inde¬ 
pendence  of  ^x-and  with  respect  to  tiic  perturbations  of  draft 

and  oblateness,  it  is  assumed  th'tt  the  A  v-axis  mav  be  smoothed  over 
many  orbits  while  the  Ax  -A  z  plane  can  onlv  be  smoothed  over  many 
fewer  orbits,  necattse  of  this  our  Inte?  cst  is  now  focused  on  the  pro¬ 
jection  of  the  ellipauld  onto  *.he  A  x-A  z  plane  (see  Ho  2(») 

Of  vital  importance  is  the  effect  of  smoothing  over  several  orbits. 

Going  back  to  the  original  B  oceultation  readings  in  one  orbit,  r.uiar 
readings  are  now  added.  Prediction  is  made  where  4  or  12  additional 
radar  readings  arc  evenly  spaced  In  n«o  (»rl>it  where  the  radar  3o  values 
are  taken  as  0.7  and  0.3  mi. 

The  Ax-axis  is  plotted  in  Kig.  V-12  for  1  radar  readings  and  Fig. 
V-13  for  12  radar  readings.  In  general,  after  several  radar  readings, 
additional  radar  readings  do  not  improve  the  accuraev  very  much. 

The  Improvement  is  stronglv  affected  bv  the  o  of  the  individual  radar 
readings  (Figs.  V-12  and  V-13), 

The  radar  readings  primarllv  uvcrease  the  marginal  A  z  distribu¬ 
tion  of  the  probablHt\  ellipsoid.  If  the  A  x-axis  of  the  probablUt\ 
ellipsoid  makes  a  relativelv  large  angle  with  the  A  z  coordinate  axis, 
the  radar  readings  help  a  great  deal.  Uhen  the  marginal  A  z  distribu¬ 
tion  is  smaller  than  the  o  of  a  radar  reading,  the  radar  readi.^g  does 
verv  little  In  improving  the  A  x-axis  of  the  probal>tlit\  ellipsoid  ii.e. » 
the  important  error). 

The  radar,  in  general,  helps  to  establish  accurate  prediction  more 
qvlckly.  If  establishing  accurac\  In  a  few  orbits  is  not  necessars.  the 
oceultation  measurements  will  evcntualls  vlcld  the  required  accuracy 
(Fig.  V»'U). 

Shull  consider  the  projection  of  the  probability  ellipsoid  in  the 
A  x-A  z  plane.  For  these  predictions,  24  occ’dtations  readings  were 
taken  with  6^  -  5' 

On  the  first  of  these  runs,  the  24  t  eadiugs  occurred  in  one  orbit 
at  the  places  specified  in  Tab  e  V-3  For  *he  second  run.  the  24 
readings  were  taken  in  3  orbiis;  and  for  the  third  run.  in  5  orbits. 

The  resulting  A  xnixis  of  the  ellipsoid  is  plotted  in  Fig.  V-ll. 
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Fig.  V-9.  Effect  of  Occulting  Star**  Declination. 
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Fi*{.  V-lu.  Kffect  of  Occulting  Star's  Declination 
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Effects  of  Smoothing  Occultation 


Fig.  V'  12.  KtU*ct  o{  Additional  Radar  Readings  with  Varying  Sigmas 
on  Occultation  Oata 
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VI.  RELIABILITY  ANALYSIS 


In  a  study  of  this  type,  attention  to  reliability  is  an  important 
means  of  determining  the  limits  of  mission  length  and  complexity  of 
equipment.  Elaborate  analyses  of  highly  hypothetical  equipment,  en¬ 
vironment  and  functions  are  better  reserved  for  the  time  when  an 
actual  hardware  program  is  closer  to  reality.  The  analysts  below  is 
an  elementary  estimate  based  on  a  favorable  solution  to  the  environ¬ 
mental  control  problem  and  also  on  a  successful  solution  to  all  design 
problems.  As  an  uxcmple  of  what  is  not  considered,  the  horixon  sen¬ 
sor  used  in  Tiros  1  was  useless  beeause  of  certain  technical  features 
that  were  incorrectly  specified  The  horizon  sensor  did  not  "fail", 
apparently.  The  inaierial  presented  in  this  section  does  not  deal 
with  such  difficultie-,. 

The  rellahilttics  of  various  subsystems  are  offered  as  probably 
the  be.it  that  could  be  achieved  with  component  parts  available  in  the 
next  several  years.  Reliability  comparisons  of  various  alternative 
system  concepts  have  not  been  made,  since  accuracy  dictated  the 
proposed  configuration 

The  most  obvious  conclusion  is  that  a  1-yr  mission  seems  out  of 
the  question. 


A.  RADAR 

The  radar,  used  for  measuring  the  earth-satellite  distance,  is  a 
vital  element  of  the  guidance  and  control  system.  Cessation  of  range 
data  would  make  it  im|ios.->iblc  for  the  satellite  to  determine  and  cor¬ 
rect  its  orbit. 

The  lecommended  sybsystem  is  a  pulsed- magnetron  timed-echo 
radar,  unusual  only  in  its  extremely  low  pulse  repetition  frequency 
(15  pps)  and  its  Intermittent  operation.  The  low  prf  does  not  appear 
to  create  any  lellability  problem.  The  on-off  operation  is  a  cycle 
of  90-sec  warmup,  10  sec  of  pulse  radiation  and  power  off  for  58  min. 
Total  radiating  time  in  I  yr  is  then  24  hr,  which  is  well  below  the 
minimum  radiating  life  (250  hr)  of  the  magnetron  eontcmplatcd 
(Ref.  VI- 1).  To  lie  conservative,  however,  the  operating  time  of  the 
radar  is  taken  to  Include  warmup  time,  then,  total  time  is  243  hr. 

The  estimated  |Mrt  count  .md  probable  failure  rates  are  listed 
below.  Before  discussing  these,  it  is  well  to  note  that  the  environ¬ 
mental  parameters  are  quite  uncertain  and  would  remain  so  until 
a  packaging  concept  is  defined. 
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Environmental  control  in  a  satellite  can  make  a  very  important 
difference  in  reliability.  While  shock  and  vibration  protection  for 
the  Initial  boost  are  absolutely  essential,  the  temperature  control 
features  for  the  l-yr  mission  will  determine  the  eventual  life  of  the 
radar.  In  a  vacuum,  convection  would  depend  on  a  locally  contained 
atmosphere  coupled  to  an  external  heat  radiator.  It  seems  certain 
that  the  requirement  of  l-yr  service  dictates  a  nuclear  reactor  of 
rather  low  efficiency.  Such  a  power  source  is  quite  likely  to  require 
dissipation  of  more  than  1000  watts/sq  m  of  satellite  surface.  Ihat 
13  a  rule-of-thumb  threshold  beyond  which  an  active  coaling  system 
is  1  vquireu.  Titus  a  pressurized  atmosphere  for  convection,  with 
the  attendant  circulation  system  and  pressure-gas  reservoir,  appears 
to  be  required 

Under  these  conditions,  a  comfortably  high  ambient  should  reduce 
the  thermal  stresses  of  intermittent  radar  operation. 

in  Table  Vt-1  below,  estimated  use  of  various  parts  in  the  radar 
is  listed.  Also  shown  are  probable  failure  rates. 


TABLE  VI- 1 

Hadsr  Altimeter  Reliability 

Maximum  Failure  Rate 


ComootwiU 

Quantity 

(failures/ 

Capacitors.  LV 

130 

0.01 

Capacitors.  IIV 

4 

1.32 

Diodes,  silicon 

8 

0.2 

Diodes,  zenvr 

2 

0.03 

Diodes,  rectiiier 

32 

0.2 

Diodes,  miscellaneous 

10 

0.2 

Coils,  r-f 

14 

0  01 

Coils,  filter  choke 

1 

0.03 

Inductoi  8 

2G 

0  02 

Hesig  ir 

100 

0  03 

I  It  <  I  b4 1 


v; 


TAM  V«-l  'corttnu-*  • 


Maximum 

F.-'4iur:  Rate 

Component 

Quantity 

RePistor 

• 

0  028 

Transformer,  power 

j 

0  4 

Transformer,  pulse 

1 

0  15 

Transformer.  IK 

la 

0.1 

Transistors 

20 

0.5 

Klystron 

1 

3.0 

Magnetron 

1 

150  0 

Pentode 

2 

1.0 

Thyratron 

1 

6.5 

Blower 

2 

2.4 

Fuses 

2 

0.5 

Relays 

10 

0  04 

Relay,  thermal 

I 

0  4 

Rectifier 

1 

U  b 

Wave  guide  switch 

•» 

0  5 

Directional  coupler 

1 

1.64 

TR  tube 

I 

5  0 

Total  failui  e  rate 

20.t  00  X 

10'*'/hi 

Total  operating  time 

2 -to 

Total  expected  failui  es  (1 

>1) 

0  0506 

Correction  for  orbitul  enviioinm  nt  0.050G  \  2  *  0,1012 
Reliability  for  one  year  «  =  0,1*0 


Th«  rntcfl  m  ‘ /oovc  tpbl<*  are  taken  ;•-  >  .,cf.  VI-2.  The 

correction  for  o  /Mla-  y,^vlro:  •  •  %.'a*  .  1  .  *'^m  proprietary  data 

of  Martin's  P#  Itl.v  *  .. 

coos*  jiion  o'  the  Kra>  mafnetror  "radiatlnf"  tl.*ne  ie  In 
orda<-.  Thn*  time  >vhl^  puUea  -*re  actuaUy  beU'g  trane- 

xcltted.  w.’-rwipH  :■  -  *  ii'...  ]u't  of  the  magnet /on  U  2M  hr,  there  is 
cvlde-  >  j  '.aity  r.-.»iy.r.c',n>rj}  *.*1U  fail  soc'is.*.  If  it  is  desired  to 
restrict* ' Ota  1  radia'.int;  tin*.*'-  to  iOO  hr  during  a  >ear,  or  41  sse/hr, 
a  5'h  -  .  Jir  'aou''.'  ool  j'.vo.vo  t  ny  mors  th.m  248  sec  of  altimeter 
i.  -O-  .nu^.  8l.‘t  ^iti'iKM.  r.wasurementb  per  orbit  should  be 

.•>  ffr'  .;ed  to  below  41  sec  each  to  be  conservative  of  magnetron 
dt>  That  allowance  seems  very  generous,  as  just  a  few  seconds, 

.  '.nly  less  than  10  at  a  rate  of  IS  pps,  are  needed  for  altitude 
measui  ement. 


B.  IR  SYSTEM 

The  horizon  scanner  used  to  establish  the  vertical  is  a  group  of 
horizon  eenpct  s  and  associated  electrical  circuitry.  Barnes  Engineer- 

company  has  a  contract  with  ARPA  which  may  result  in  the  develop¬ 
ment  of  a  long  life,  high  reliability  device.  In  this  development 
program,  Barnee  has  tested  a  breadboard  vibrating- mirror  type  of 
sensor  for  over  2000  hr  without  failure.  It  is  expected  to  have  an 
o;v»rc;ting  life  of  over  1  yr.  Older  Barnes  models  (13-130)  operated 
successfully  in  the  first  manned  Mercury  flight. 

Tlie  rerenunended  configuration  Is  four  sensors  mounted  along 
the  edges  of  a  four* sided  p^'ramid,  tie  diagonally  opposite  sensors 
being  paired  to  provick  detectio  i  of  two  vertical  planes  whose  inter¬ 
section  is  the  vertical. 

Based  on  data  supp:.ied  for  a  similar  three- sensor  configuration, 
the  reliability  of  the  four-sensor  syittem  is  quite  low,  0.045  1-yr 
operation.  Since  the  four- sensor  system  could  be  operated  wi^ 
one  sensor  out  of  commission,  with  certain  fail-safe  provisions, 
it  IS  of  interval  to  consider  the  probability  of  "any  three  of  the  four" 
workii^.  Ihat  probability,  computed  fay  the  binomial  probability 
law,  is  0.250,  still  quite  low  but  a  substantial  enough  improvement 
to  motivate  further  study  of  the  fail-safe  feature. 

Fall- safe  devices  would  include: 

(1)  Sensing  the  malfunction  of  one  of  the  sensors. 

(2)  Switching  the  outputs  of  the  three  good  sensors  from 
satellite  attitude  control  ampUfters  to  an  intermediate 
computer. 
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(3)  ■  Providing  either  a  simple  analog  computer  or  a  program 
for  the  satellite  navigation  computer,  whidi  could  deter¬ 
mine  the  vertical  from  three  sensnrr 

Given  in  Taule  VI- 2  are  the  components  of  a  single  sensor  and  ex¬ 
pected  failure  rates. 


TABLE  VI- 2 

Kellabllity  of  a  Single  Horieon  Sensor 


Part  Type 

Quantity 

Total  Failures/ 10 

Resistor.  10% 

94 

4.0 

Resistor,  1% 

5 

0.3 

Capacitor  te ramie 

4 

0.2 

Capacitor,  electrolytic 

9 

0.3 

Capacitor,  tantalum 

28 

2.8 

Capacitor,  mylar 

6 

0.1 

Diode,  silicon 

40 

8.0 

Diode,  zeuer 

1 

q.2 

Transistor,  germanium 

3 

2.7 

Transistor,  silicon 

39 

19.5 

Potentiometer 

2 

2.4 

Multivibrator 

1 

1.2 

Transformer 

2 

0.6 

Trimpot 

i 

0.1 

Motor 

1 

0.3 

FR  IIM7 


TABLE  VI"  2  (cotxtinmtd) 


Part  Type 

Quantity 

Total  Failures  / 10®  hr 

Thermistor  bolometer 

1 

0.6 

Vtbrating-mirror  assembly 

1 

0.1 

ToUl 

43.4x10'® 

L.  f •  round'  •  •  •• 

2 

;■  i  .  •.i>er.K;:  i;  time 

8760  hr 

Expected  number  of  failures 

0.76 

Reliability  of  a  5«inglt;  sensor 

for  one  year  is  R^  «  e”  ■  0.468 

Given  in  Table  VI>3  are  the  components  of  the  Barnes  Model  13-160 
summer  circuit,  whidt  combines  the  data  from  the  individual  sensors. 


TABLE  VI- 3 

Reliability  of  Barnes  Summer  Circuit 


Part  Type 

Quantity 

Total  Failure/ 10®  hr 

Resistor.  1% 

3 

0.2 

Capacitor,  ceramic 

1 

0.1 

Capacitor,  tantalum 

3 

0.3 

Transistor,  silicon 

3 

1.5 

Diode,  sener 

1 

0.2 

Trim  pot 

2 

0.2 

Relay 

3 

0.8 

Total  failure  rate 

3.3  X  10'® 

Environmental  factor 

2 

Operating  time 

8760  hr 
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rvoi'cted  number  of  failures  0.0578 

Reliability  of  summer  -Irciiit  for  one  year  is  15^  ‘  c*  »  0.942 

The  relinbility  of  the  liarneu  13- ISO  with  three  sensors  is 

R^  Kp  ’  (0.463''^  (0.942(  «  0.0966 

The  reUabiUty  of  a  Mini*  '.t  device  «vUh  four  setjsors  \s  approxi' 
mately 

H*  R,  •  (0.  "  >  '42-  ■  '  -'52 

C 

The  reliability  oi  a  device  whica  four  sicnsors  if  available, 
or  three  If  one  faila,  is 

«c  [“s  "-“‘s  »  -  '‘s»]  •  “c«s  [*  -  3H3]  * 

It  would  appc-ir  that  tlio  value  of  a  foiii-hcao  system  lies  largely  in 
its  providing  .1  form  ol  redundancy.  Titus  the  additional  fail-safe 
features  inentlonei!  .above  should  be  considered. 


C.  0(:CI/T.TOSCOI'K-.STAH  TRACKKH 

This  sensor  consists  of  five  telescopes  mounted  on  a  stable  plat¬ 
form.  which  maintains  its  orientution  with  respect  to  stars  Ity  a 
servodrive  closing  a  Itwp  with  the  telescopes  'iTte  control  com- 
(ranents  arc  shown  In  Table  VI-4. 

Of  file  five  te|esco|>es.  two  are  used  fo.  rbit  .xi.al  tracking,  .and  if 
either  fails,  the  other  orovldes  sufficient  dat.i.  Of  the  three  remain¬ 
ing  telescopes  (wnich  observe  the  orbital  |>lane)  any  may  f.ill,  ’•ow 
ever.  the  remainder  will  provide  suliicieiii  data. 

Calling  the  reliahilily  of  the  control  components  11  ^  .and  the  relinhil- 
Ity  of  a  single  leley;o|ie  and  its  associated  hardware  IT.ahle  VI-4), 
tile  leliablllty  of  the  occultoseojic-Htar  tr.tcker  is 

R  •  R,  1^1  -  II  -  iiji^j  j^ii!! "  3R2  <*  •  '<?>j 

•  H,  '<:]  (3  -  K^)  (3  -  2H2) 
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TABLE  Vl-4 


ReliabiUty  of  OcouUosrope-Star  Tracker 


Components 

Quantity 

Failure  Rate/ 
10®  hr 

Expected  No. 
Failures/ 10® 

(Control) 

Servo  motor 

3 

0.23 

0.69 

Synch  1  o 

3 

0.35 

1.05 

—  gear  assembly 

3 

0.9 

2.7 

Slip  ring  assembly 

1 

0.2 

0.2 

Gimbal  assembly 

1 

7.5 

7.5 

Transistor,  silicon 

15 

0.5 

7.5 

Power  supply 

1 

6.5 

6.5 

(Single  telescope) 

Lens 

1 

6.9 

6.8 

Vibrating  slit  assembly 

1 

0.6 

0.6 

Photoinulti'ilier  tube 

1 

20.0 

20.0 

Resistor 

5 

0.03 

0.15 

Capacitor 

2 

0.1 

0.2 

Photocell 

1 

4.7 

•1.7 

Transistor,  silicon 

2 

0.5 

1.0 

Relay  DPDT 

1 

I.O/artuation  10.0 

(Assume  10  actuations  because  this  relay  operates  sun- 
protection  cover,  which  should  never  be  needed) 

•6 

Total  failure  rate,  contioU  26.14  x  10  /hr 

Total  failure  rate,  one  telesco|>c  43.55  x  10  /hr 

To  account  for  orbit  environment,  wc  use  an  environmental 
factor  0.’  2.  Then 


Rj  .  e-»’  ^  ' 

,  1,-313  X  10'®  t  .  J.-87  X  lO'®  t)  (3  -  2e*®’ *  *’ 

For  one  vear  (t  •  8760  hr) 

K  >  0.0650  (1.6.12)  (2.064) 

■  0.206 
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D.  P()WEH  SYSTEM 

Of  the  possible  sources  of  jiower,  the  use  of  an  Iso'.ope- fueled 
ihermoelectric  generator  is  recommenued.  The  Martin  Company 
has  proposed,  designed  and  built  •.  jriety  of  such  generators,  and 
the  reliaui..ly  estimate  below  is  eased  on  one  such  proprietary  design 
(Ref.  VI-  i)  ■<  sliort  discussion  of  the  conceivable  modes  of  failure  is 
given  belov ,  i  dlowcd  by  a  reliablhly  v.‘l:natr  of  a  power  source  suitable 
for  the  Syr.'  iironircd  Sa'cllite 

'.he  two  vital  functions  1 1  iic  ,  formed  by  the  powe;  unit  arc; 

Maintenance  of  die  lequircd  Soebe'ek  voltage, 

(2)  Control  of  the  internal  resis.anoe. 

Tnc  Seebeck  voltage  coefficient  of  the  materials  considered  appears 
on  the  basis  of  tests  to  be  only  insignificantly  degraded  through  time. 

If  a  mechanical  failure  in  the 'structure  of  the  power  unit  or  an  in¬ 
sulation  failure  occurs,  an  adverse  effect  on  the  Seebeck  voltage  may- 
result.  A  fracture  which  rc..ults  in  leakage  of  the  gas  in  the  genera¬ 
tor  housing  would  cause  chemical  changes  of  active  elements,  re¬ 
sulting  in  increase  of  internal  resistance.  Insula’ion  degrades  with 
lime,  under  elevated  tcmiieratures.  The  corresponding  reduction  in 
temperature  gradient  reduce.^  generator  efficiency. 

Internal  rcststanee  and  lo.ud  resistance  must  be  matched  to  allow 
operation  of  the  gencr.ator  at  m.uxlmum  output  power.  Also,  an  in¬ 
creased  internal  resistance  lowers  the  maximum  available  power. 
Various  met.ui  liond.s,  spring  contacts  ,ind  thermoelectric  elements 
may  crack  or  fracture  undei  vibration  and  shock.  The  attendant 
loss  in  circuit  conttmiity  c.iuscs  partial  or  complete  failure  of  the 
generator  output. 

Contact  leslstti'ity  is  considered  the  greatest  contributor  to  in¬ 
creased  internal  resistance  of  the  generator  for  long  periods  of  time 
The  band  between  tlie  he,at  source  and  the  thermoelectric  element, 
iKing  muintained  at  a  high  temiwraturc,  sublim..s  significantly  over 
a  long  period  of  time,  resulting  in  increased  internal  resistance  and 
reduced  power  outpial. 

The  vatious  conceivable  sources  of  failure  are  listed  in  Table  VI-5 
with  estimated  numbers  of  falluics  over  die  1-yr  iieriod, 
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TABLE  VI- 5 

TAerniodectric  Generator  Reliability  Estimate 


Expected  Number  of 

Source  Failures/ 1  yr 


Seebeck  voltage 

(U  Thermocl'Sctrio-  units 

D<  gradation  of  elcrnent 

Elen»fui  seleotici* 

O.OOOOOG 
n  nnnnno 

t3l  Temperature  gradient 

Structure  and  loss  of  gas 

Thermal  control 

Insulation 

0.000009 

0.000196 

0.001000 

Internal  resistance 

(1)  Mechanical  failures 

0.009240 

(2)  Degradation  of  contact  and 
element  resistivity 

0.000000 

Total  expected  number  of  failures  0.010445 

Reliability  for  one  year  e  ■0.9D 


The  extreme  reliability  of  the  thermoelectric  units  is  borne  out  by 
tests  of  duration  up  to  315  days,  with  no  significant  change  in  the  Seebeck 
voltage-temperature  coefficient. 

The  structural  reliability  is  based  on  a  material  strengtn  safety 
factor  of  1.5  and  a  material  strength  control  to  within  7  of  nominal 
(lo).  The  probability  of  an  overstress  on  this  basis  is  0.000009. 


The  thermal  control  reliability  is  based  on  two  independent  systems 
in  active  redundancy,  bach  system  consists  of  linkages,  hinges,  sup¬ 
port  and  spring,  bellows,  II  les  ana  a  temperature  sensing  bulb,  with  a 
total  failure  rate  of  l.O/miilion  hr  in  the  space  environment.  Excluding 
prelaunch  difficulties,  the  expected  number  of  failures  for  t  hr  is 
•6 

1.6  X  10  ,  and  the  probat*Uty  of  survival  ih 


-1.6  X  lO-St  .^-3.2x10- 
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For  1  yr^  ■  0.999804,  with  an  equivalent  expected  number  of 
failures  of  0.000196. 


Insulation  deteriorates  slightly  with  age.  and  there  is  a  rmall 
probability  of  sufficient  degradation  to  cause  generator  outr^ut  to  drop 
below  minimum  power  required.  The  calculations  below  were  worked 
out  based  on  an  older  power  generator  and  would  be  more  favorable 
with  newer  designs.  It  is  estimated  that  the  thermal  conductivity  of 
the  insulation  increases  by  about  1.7%/mo  with  a  standard  deviation 
of  0.05%/mo.  heat  loss  through  insulation  is  15.5%,  and  if 

this  exceeds  18.3%.  power  output  will  be  hrlcw  rated  (minimum). 

Thus  the  safety  margin  is  18.3%  -  15.5%  ■  2.8%,  and  the  15,5%  will 
increase  by  0.017  (15.5)  •  0.263%/mo.  The  standard  deviation  of  the 
degradation  of  power  loss  is  0.49%:  thus,  the  safety  margin  would 

standard  deviations,  and  this  "normalized" 
®*49%  ft 

0. 537  standard  deviations 


start  out  at 


safety  margin  would  decrease  by 


per  month.  T.ie  probabilities  of  successful  performance,  by  month, 
are  shown  in  Table  VI'S. 


Month 

TABLE  VI- 6 

Insulation  Reliability 

Normalized  Safety  Margin 

Reliability 

0 

5.70 

0.9999-t’ 

1 

5.16 

0.999e<f 

n 

a* 

4.63 

0.9999-t’ 

3 

4.09 

0.99994 

4 

3.55 

0.9998 

5 

3.02 

0.9987 

6 

2.46 

0.9934 

7 

1.94 

0.9738 

8 

1.40 

0.9192 

0 

0.87 

0  8079 
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TABLE  Vl-6  (comtniied) 


Month 

Normalized  Safety  Marg.n 

'r 

10 

0.33 

O.Se'i. 

11 

•0.21 

0  - 

12 

0. . .  .'f- 

It  would  seem  obvious  that  =>  larger  safety  factor,  either  b 
SuUUon  or  a  higher  power.'-.i  .^ci.^raJor.  Jould  improve  UiCoc  ,»gur';s. 
Both  means  wouid  be  reflected  as  more  weight,  but  it  would  be  neces¬ 
sary  to  raise  this  particular  reliability  to  at  least  0.999  for  1  yr. 

Working  backward  in  Table  Vl-6,  it  would  take  a  normalized  safety 
margin  of  3.S5  (shown  for  4  mo)  and  that  would  have  to  be  increased 
to  3.55  ♦  12  (0.537)  •  9.99  for  a  new  article.  The  stated  2.87»  safety 
margin  in  power  output  loss  due  to  insulation  degradation  then  goes 
up  to  0.497«  (9.99)  •  4.97e  and.  finally,  either: 

(1)  Heat  loss  through  insulation  would  have  to  be  reduced 
from  15.5T«  estimated  for  a  previous  design  to  1(1.3  - 
4.9  •  13.47.. 

(2)  Minimum  allowable  generator  output  would  have  to  be 
decrca.scd  from  100  •  18.3  •  81.77.  of  rated  to  100  - 
(15.5  ♦  4.9)  »  79.67.,  This  could  be  accomplished  by 
increasing  the  rated  generator  output  by  a  factor  of  1.027 
or  2.77.. 

(3)  Same  combination  of  the  above. 

It  IS  concluded  that  insul.ition  reli.abillty  could  be  made  better  than 
R.399  fui  1  yi  ui  an  e<|uivalent  expected  number  of  failures  of  0.001, 
which  is  the  number  used  in  Table  Vl-5. 

Mechanical  failures  which  cause  an  Increase  in  internal  resistance 
have  been  discussed  aliove.  Itefercnce  VI-4  contains  analysis  leading 
to  the  conclusion  that  the  expected  number  of  failures  per  month  would 
be  0.00077,  due  to  Imiidh,  cleinenis  and  iiilercunneciiuns.  Contact  and 
element  resistivity  growth  is  fairly  constant  with  time.  A  reasonable 
assumption  appears  to  be  that  power  output  loss  would  be  limited  to  a 
maximum  of  107.,  with  a  design-apportioned  loss  from  this  cause  allowed 
to  be  207..  Control  of  the  internal  resistance  loss  to  a  coefficient  of 
variation  of  0,025  would  result  in  a  reliability  coreespondirg  to 
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*"  ■*  '’•*•'<^•>■<1  deviations 


or 

R  «  0.9999+ 

The  expected  number  of  failures  in  Table  Vl-3  is  taken  to  be  0.000000. 

_  In  auinmary.tsec. Table -yi-5),-,it  is  anticipated  that'with  some  im¬ 
provements  in  dcal,(ii  at  pre'jteutly  exisiinx  or  proposed  lijotopc-powered 
thermoelectric'gcnerators,  a  reliability  of  approximately  0.90  can  he 
achieved. 

A  solar  power  generator  was  also  considered.  This  would  con¬ 
sist  of  7S00  solar  cells  connected  in  a  variety  of  aeries-parallel 
paths  so  that  circuit  continuity  would  be  highly  redundant.  Approxi¬ 
mately  2SC0  ret'.v.eould  fail  without  causing  reduction  in  power  out¬ 
put  sufficient  to  degrade  satellite  equipment  performance.  It  is 
believed  that  celt  failures  could  occur  only  by  damage  from  meteors, 
with  an  extremely  low  probahlllty. 

There  would  be  three  diudc.'i  for  current  control  and  a  storage  bat¬ 
tery.  The  only  other  possible  source  of  failure  would  be  some  of  the 
IdOO  cell-tu-all  solder  connections.  The  total  failure  rate  of  the  items 
in  series  is: 

Diodes  3  X  0.2  X  to'®  •  0.6  x  lo'® 

B.ittery  I  x  1.4  x  10*®  •  1.4  x  lO'® 

Total  •  2.t>xl0*®/hr 

Operating  time  C760  hours 

Kxpccted  number 
offaUurrs  0.017520 


The  failure  rate  of  a  solder  connection  la  not  at  all  agreed  upon, 

but  an  extremely  high  figure  is  1  x  10'®/kr.  The  probability  of  failure 
of  a  single  connection  in  I  yr  is,  on  that  assumption,  0.0876,  and  the 
expected  number  of  connection  failures  is  1500  x  0.0876  >132  failures. 
The  standard  deviation  of  the  observed  numoer  of  failures  is 
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(132  X  0,9124)^^^  >  It;  thus,  the.probability  of  SOO  failures  cnrrcs- 

500  >132 

ponds  to  the  probability  of  a  normal  deviate  - — >  33  standard 

deviations  from  the  mean.  This  probability  is  of  the  order  of  10'^  an.c 
thus  can  be  neglected. 

Filially,  the  reliability  of  the  solar  power  generator  is  « 

0.9A23  for  1  yr.  This  is  quite  close  to  '.he  reliability  calculated  for 
the  isotope  thermoelectric  power  generator,  which  was  used  in  the 
system  summary. 


E.  CONTROL  AND  STAIilLIZATlON  SYSTEM 

This  consists  of  a  set  of  thrust  engines  and  an  electromechaidcal 
programmer. 

The  tlirust  engines  include  the  propellant  plumbing  and  thrust  cham- 
oerfi,  I  ellability  of  which  are  taken  from  Ref.  Vl-3.  There  is  considerable 
uncertainty  as  to  the  reliability  of  a  thrust  chamber,  as  it  has  not  been 
possible  to  obtain  a  relationship  between  life,  thrust  energy,  tempera¬ 
ture  of  the  propellant  and  chemical  types  of  degradation  of  the  noeeles. 
However,  it  is  believed  that  a  low  temperature,  low  pressure  mono- 
propellant  will  allow  practically  infinite  nuzzle  and  chamber  life,  so 
that  the  failure  rate  has  been  taken  as  zero.  Since  the  thrust  cham¬ 
bers  are  the  only  redundant  features,  the  remaining  devices  are  all 
in  series,  as  shown  in  Table  VI-7.  It  will  be  noted  that  only  attitude 
control  features  are  listed.  This  is  because  velocity  control  for 
orbital  corrections  is  expected  to  consist  of  only  lOOC  thrusts,  which 
is  negligible  for  reliability  purposes. 


TABLE  VI-7 

Reliability  of  Propulsion  Subsystem 


Part 

Quantity 

Failure  Rate 

Usage 

(hr) 

Expected  Number 
of  Failures 

Propellant  pres¬ 
sure  tank 

1 

5  X  l0'®/hr 

8,760 

0,044 

Propellant  filter 

1 

5  X  l0'®/hr 

8,760 

0.044 

Thermal  relief 
valve 

1 

40  X  l0'®/hr 

8,760 

0.350 
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TABLE  VI-7  (continued) 


Part 

Quantity 

Failure  Rate 

Usage 

(hr) 

Expected  Number 
of  Failures 

Lines  and  fittings 

” 

10  X  l0*®/hr 

8,760 

0,088 

Pressure 

regulator 

1 

7  X  10*®  per 
thrust 

70,000 

0,490 

Control  dolvnold 
and  valve 

6 

20  X  10*®  per 
actuation 

70,000 

1,400 

Thrust  cha.mbcr 
assembly 

12 

0 

140,000 

Total  expected  number  of  failure.4  in  1  yr  2.416 

Reliability  for  I  yr  •  »  0.0863 

RellabUlty  function  for  t  hr  •  c*^’®  x  10  ®t 
<pi'C|iulsiun  only) 

T.he  programmer  reliability  is  as  follows: 

Two  syiicbronous  timer  motors,  I  rpm,  one  rotation  every  24  hr, 

•  6 

12.2-hr  total  operating  time.  The  failure  rate  is  0.37  x  10  and 
the  expected  number  of  failures  is  4.5  x  10'®/yr. 

One-way  clutch,  6.1-hr  operating  time,  failure  rate  1,3  x  lO'®, 
1,3  X  10"  ’  faliurci  expected/ yr. 

Gear  strain  external  to  motors,  R,l-hr  operating  time,  failure 
rate  0,9  x  10*®,  5,4  x  10*®  failures  expected. 

Ten  microswitchvs  operated  by  cams,  each  24  times/day,  in  a 
total  of  88,000  actuations.  The  failure  rate  is  0,25  x  10*®  and 
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expected  number  of  falluree-U  22,000  x  lo'^,  Thie  item  dominates. 
Reliabiiity  for  1  yr,  ,  o.978 


Reliabiiity  function  for  t  iir,  e*^  *  ' 

In  conclusion,  the  reliabiiity  of  the  stabilization  and  control  system 
-279  X  10*®  1 

is  e  ,  whirl!  for  I  yr  1«  0;O370.  The  propulsion  system 

appears  to  be  the  outstanding  weakness  ir  a  1-yr  mission.  It  is 
poi'sibie  to  obtain  a  mure  pleasing  leliabiiity  prediction  by  .%jpo‘,hcsi7ing 
more  optimistic  failure  rates,  but  since  other  subsystems  appear  not 
much  better,  it  is  believed  lliat  such  efforts  are  bejvnd  the  scope  of  this 
study. 


F.  COMPUTER 

The  recommended  computer  has  a  number  of  reliability  features, 
among  which  are: 

(1)  Several  types  of  redundancy  in  checking  of  arithmetic  and 
ability  to  repeat  computations  in  the  event  of  discrepancy. 

This  is  valuable,  because  of  the  few  errors  made  by  com¬ 
puters,  a  large  part  are  transitory  and  will  not  be  repeated, 

This  is  especially  true  in  space,  where  radiation  causes 
errors. 

(2)  bvaixirated-film  silicon  connections  for  the  memory,  which 
eliminates  the  connections  found  in  core-type  memories, 

(3)  Special  advances  in  connector  reliability  by  use  of  plated 
conductors  and  welded  joints  instead  of  soldered  joints, 

(4)  In  the  last  analysis,  the  presence  of  humans  who  can  repair 
computers  is  a  valuable  feature  that  should  be  considered 
further. 

It  must  be  recognized  that  no  satellite  has  to  this  date  been  equipped 
with  a  digital  computer.  Therefore,  all  estimates  are  baaed  on  theoretical 
data.  These  are  credible  because  the  various  component  parts  have 
mostl.v  seen  space  duty  successfully  and  because  the  Minuteman  reliability 
program  gives  evidence  of  exceeding  recently  experienced  reliabilities 
by  orders  of  magnitude,  A  summary  of  the  analysts  (Ref.  VI-S>  is  con¬ 
tained  in  Table  Vl-8. 


VI- n 


TABLE  Vl-8 

Eatimuted  Computer  Reliability 


Component 

Quantity 

Resistor 

1141 

Diode,  silicon 

2.103 

Stllcon  tisemory 

16 

Capacitor 

252 

Transistor 

Transformer 

116 

Welded  joints 

9116 

Care  memory 

1 

Total  failure  rate 
Environmental  factor 
Failure  rate  In  orbit 
For  1  yr,  reliability  is  0.687, 


Failure  Rate/ 
10®  hr 

Total 

Failure  Rate 

0.004 

4.6 

0.002 

4,6 

0.25 

i.O 

0.01 

2.5 

0.01 

3,6 

0.01 

1.2 

0.00001 

0.1 

1.0 

1.0 

21.6  X  l0'®/hr 

2 

43.2  X  l0'®/hr 

Jl  not#.^  tut  most  of  the  faUure  raten  in  Tabic  VI-8  are 

fipecifications  in  the  Minuteman  iTogram*  aa  auggested  by 
a  leading  computer  manufacturer.  For  other  aubaystema,  faJiure  rates 
nfr  rvc<»mmended  by  authoritative  sources,  or  according  to 

“®**  VI-2,  t^hcre  not  othe«’wiKo  supplied.  * 

The  time  standard  Is  included  with  the  computer  and  Table  VI-9 
shows  its  estimated  components  and  reliability. 
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TABLE  VI-9 

Reliability  ot  Time  Standard 

Component 

Quantitv 

Total  Failure  Rate/ 
10*®  hr 

Quarts,  crystal 

1 

0.30 

Crystal  oven 

1 

0,05 

Transistors 

20 

10,00 

Resistors 

50 

1.50 

Capacitors 

20 

2.00 

Connectors 

2,10  pin 

4,00 

Total  failure  rate 

17,85  X  10*® 

Environmental  factor 

2 

Failure  rate  in  orbit 

36  X  10*® 

Reliability  for  1  yr 

0.732 

G.  PREDICTED  SYSTEM  RELIABILITY 

The  satellite  has  only  a  alight  chance  ot  operating  for  1  yr  suc¬ 
cessfully,  The  outstanding  difficulttrs  are  the  horizon  scanner,  the 
occultoscope-star  tracker  and  the  control-stabilization  subsystems. 

The  reason  appears  to  he  that  these  subsystems  are  required  to  operate 
continuously. 

Fur  a  satellite  to  perform  the  required  functions  for  8760  hr  with  a 
90%  probability,  the  total  failure  rate  allowable  for  continuous  operation 

is  about  11  X  lO'^  failure;>/lu',  TIUs  is  the  equivalent  of  one  neon  glow 
tube  or  about  22  silicon  transistors  operated  carefully  In  the  laboratory, 

A  much  shorter  mission  time,  or  highly  intermittent  operation  as 
allowed  by  lower  accuracy  requirements,  would  provide  a  more  favorable 
possibility. 
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Sununarized  in  Table  VI-10  are  the  estimated  reliability  functions 
of  the  various  subsystems,  for  t  calendar  hours. 


TABLE  VI- 10 

Subsystem  Reliability  Functions 


Radar 

Infrared  system 
Ocoulloacope-star  tracker 

Power  system 

Control-stabilization  and 
programmer 

Computer-time  standard 

Total  system 


^-12  X  10‘®t 

^-267  X  .  3^-87  X  10'®  t> 

^-118  X  I0'®t  ,j.g-22  X  I0'®t) 


(3  -  2  e 


■22  X  10*® t 


1.2  X  10'®  t 


-279  X  10  "t 


-79  X  10'®  t 


p-7iG  X  10*® 3^-87  X  10’® t, 
,2.e-22xl0-«t,,3.2^-22xl0-«t, 


The  total  system  reliability  for  1  yr  Is  9.0054. 


In  order  to  explore  |>ossibUities  of  shorter  missions,  the  reliability 
functions  were  evaluated  for  various  slvtrtcr  times  at  l-mo  inter¬ 
vals.  These  results  are  picseiited  in  Table  Vl-ll  and  are  shown  graphi¬ 
cally  In  Figs.  VI- 1  and  Vl-2. 
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TABLE  Vl-il 

Ettimatcd  System  ReliablUties 


Occulto* 

scope 

Time  Star 


(mo) 

Radar 

Infrared 

Tracker 

1 

0,991 

0,981 

0,939 

2 

0,982 

0,926 

0,926 

3 

0,974 

0,832 

0,887 

4 

0,963 

0,767 

0,834 

5 

0,936 

0,684 

0,816 

6 

0,947 

0,604 

0,780 

7 

0,939 

0,328 

0,748 

8 

0,930 

0,439 

0,718 

9 

0,921 

0,398 

0,666 

10 

0,912 

0,342 

0,634 

11 

0,904 

0,293 

0,597 

12 

0,893 

0,230 

0,363 

Control 

StabUi- 

zation 

and 

Pro-  Computer- 


Power 

gram* 

mer 

Time 

Standard 

Total 

System 

0,999 

0,816 

0,944 

0,717 

0,998 

0,683 

0,891 

0,498 

0,997 

0,343 

0,841 

0,333 

0,996 

0,443 

0,794 

0,221 

0,993 

0,361 

0,749 

0,144 

0,994 

0,295 

0,707 

0,0925 

0,994 

0,240 

0,668 

0,0391 

0,993 

0,196 

0,630 

0,0376 

0,992 

0,160 

0,393 

0,0231 

0,991 

9,130 

U,3b2 

U,ul43 

0,990 

0.106 

0,530 

0,0088 

0,989 

0,087 

0,301 

0,0054 

Figure  VI-2  indicates  the  level  of  system  reliability  improvement 
which  may  be  realized  fur  the  type  of  mission  discuss^  in  Section  VllI, 
This  figure  is  based  on  greatly  reduced  use  of  the  attitude  control  system 
and  the  infrared  system,  with  no  reduction  in  use  of  the  other  subsystems. 

Since  the  station  keeping  system  is  to  be  used  rather  infrequently, 
the  reliability  of  this  system,  therefore,  is  not  expected  to  present  a 
problem. 


Total  System  Reliab: 


V1>22 


£H  il647 


Fig.  VI-2.  Subsystem  Reliability 
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Vll,  SATELLITE  SYNCHRONIZATION  STUDV 
DKVKLJPMENT  PLAN 


In  order  to  determine  how  the  altitudc-occultation  guidance  systetn 
compares  to  the  pi  esent  atnte  of  the  art  of  building  and  successfully 
operating  such  equipment,  the  steps  needed  to  build  a  prototype  system 
have  been  studied.  The  results  of  this  study  will  be  presented  in  this 
section  of  the  repc*rt  as  a  development  time  table  (Fig,  VII-l),  Very 
little  technical  data  is  given  in  this  section,  since  each  of  the  sub¬ 
systems  is  described  in  detail  in  ot.her  sections  of  the  r extort. 

The  purpose  of  the  study  has  been  to  determine  the  earliest  date 
at  which  two  flyable  prototype  systems  (one  as  the  primary  flight 
article  anrl  the  second  as  backup  in  case  the  first  launch  fails)  can  be 
completed.  For  planning  purposes  only,  we  have  assumed  that  follow- 
on  production  consists  of  16  operation^  systems.  In  order  to  provide 
for  incorp<irating  changes  deemed  advisable  on  the  basis  of  the 
experimental  launch  a  G^onth  lapse  between  development  and 
operational  firings  is  assumed. 

One  further  guideline  has  been  that  state-of-the-art  hardware  will 
be  used  wherever  possible;  research  and  development  into  new  concepts 
are  kept  to  a  minimum.  A  go-ahead  date  of  1  January  1962  has  been 
assumed.  The  significance  of  this  assum;>tinn  iw  that  it  provides  s 
reference  (with  respect  to  other  development  programs)  in  order  to 
ev«iluate  the  extent  to  which  related  programs  can  be  used  (directly 
or  with  modification)  in  this  system. 

The  development  plan,  summarized  in  Fig.  VII- 1,  shows  that  30 
months  are  required  to  have  a  flyable  prototype  ready  for  the  experi¬ 
mental  launch.  Before  the  experimental  launch  is  attempted,this 
time  span  will  include  a  3 -month  period  of  ground  testing  (during  which 
the  various  subsystems  will  be  integrated  in  a  series  of^'marriage" 
tests)  to  substantiate  the  performance  of  the  entire  system. 

The  development  plan  for  components  of  the  guidance  system  is 
discussed  as  follows. 


A.  RADAR  ALTIMETER 

A  detailed  technical  description  of  the  altimeter  is  given  elsewhere 
in  this  report,  Huffice  it  to  say  here  that  the  techniques  to  be  used  in 
this  instrument  are  well  established,  although  the  specific  instnimer.* 
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does  not  exist.  Our  design  concept  for  the  altimeter  has  been  shown 
to'>be  extremely  simple  so  that  it  can'be  engineered  well  within  the 
framework  of  today's  state  of  the  art.  In  additioTi  to  being  utilized 
as  an  altimeter  in  this  system,  it  can  also  be  used  with  only  .slight 
modifications. and  great  effectiveness  as  a  part  of  a  satellite  rendezvous 
guidance  system. 

Pigiirc  Vll'l  shows  our  plat,  for  bringing  the  altimeter  into  being. 
The  RF  plumbing  and  the  magnetron  are  components  which  cun  be 
purchased  from  today's  catalogs.  However,  the  antenna  IF  strips,  AFC 
circuitry,  and  modulator  must  be  designed  (Fig.  Vll-l)  so  that  basic 
engineering  of  the  altimeter  can  be  completed  in  8  months.  As  pointed 
out  previously,  the  mission  time  of  1  year  makes  nigh  reliability  one  of 
the  pivotal  issues  in  determining  the  system  design.  Therefore,  in 
engineering  the  altimeter,  an  extensive  life  testing  program  vtilizing 
altimeter  breadboard  elements,  built  as  closely  as  possible  to  the  final 
design  of  the  altimeter,  is  planned  (this  program  spans  6  months), 
Co.astructioii  of  the  flyabte  prototype  wilt  begin  in  the  latter  portion 
of  the  life  testing  program  but  obviously  cannot  be  finished  until  after 
the  llfetest  program  is  completed.  Thus. we  estimate  that  a  flyable 
prototype  can  be  available  at  the  end  of  18  months. 

H.  COMPUTER 

Digital  computers  of  the  type  needed  in  this  guidance  systeir.  arc 
currently  being  engineered  on  several  programs.  Of  course,  the 
logical  design  of  these  computers  must  be  rearranged  to  fit  <his 
particular  problem,  but  this  presents  no  great  difficulty.  In  the 
computer,  it  is  desirable  to  avoid  using  rotating  magnetic  drum 
memories,  therefore,  solid-state  memory  techniques  will  be  used  to 
enhance  reliability  and  minimize  unwanted  torques  on  the  satellite. 
Several  computer  developments  are  now  under  way  which,  with  tome 
modifications,  will  fulfill  our  needs.  Since  the  development  of  this 
comj'uter  is  already  under  way,  modifying  it  to  suit  his  application 
should  shorten  the  computer  lead  time  by  approximately  6  months. 
Therefore,  in  formulating  this  development  plan,  a  span  time  of  21 
months  is  assumed  for  the  computer. 


C.  IR  HORIZON  SCANNER 

The  IR  (infrared)  horizon  scanners  are  available  from  several 
sources  in  this  country,  practically  on  an  "off-the-shelf"  basis.  For 
instance,  the  IR  horizon  scanner  described  in  Section  IV-B  is  available 
within  4  to  4-1/2  months  after  placement  of  an  order.  In  order  to 
provide  time  for  possible  minor  design  changes,  6  months  are  allowed 
in  this  development  plan  for  the  IR  horizon  scanner. 


Fig,  VII- 1«  Satellite  S/nchronizatlon  Development  Plan 


D.  ELECTRICAL  POWER  SUPPLY 

As  described  previously  in  Section  IV.  cither  c  Jolar  cell  system 
or  an  isotopic  power  supply  is  recommended  for  this  satellite  guidance 
system.  Of  the  two  systems  considered,  the  solar  cell  system  is  most 
attractive  because  of  its  immediate  availability  and  good  performance. 
Therefore,  since  a  minimum  of  time  is  required  to  incorporate  such 
a  system,  no  developntent  of  components  will  be  required. 

The  isotopic  power  supply  uses  the  heat  output  of  an  isotope  block 
•to  heat  the  hot  junction  of  a-.thcrmoclectric  material  (sui'*'  a."  load 
.cliuridcl  whicli  in  turn  converts  the  .applied. heat  to  electrical  power. 

On  the,  basis  of  the  previous  experience  of  The  Martin  Company  in 
designing,  building  and.te.-iting'  isotopic  power  supplies,  a  power. supply 
using  a  Strontium-90  heat  source  and  lead  tellurldc  thermoelectric 
elements  is  characterized  by  2  weight  of  I  to  1-1/2  watts/lb  and  can 
be  m.ade  available  in  approximately  1-1/2  years.  Once  this  type  of 
power  supply  is  leaded  with  the  radioactive  isotope,  it  is  nece.ssary 
to  shield  against  the  high  energy  gamma  radiation  emitted  due  to  the 
bremsstrahlung  effect. 

Other  man-made  elements  are  becoming  available  which  will 
minimize  the  radiation  |iroblem.  For  example,  the  power  supply 
could  be  designed  around  Curium*2'(2,  which  emits  alpha  radiation 
and  is  much  easier  to  shield  against,  Ry  the  time  Curium-242  becomes 
available  in  the  next  2  or  3  years,  .additional  progress  can  be 
expect  d  from  current  re.search  in  thermoelectric  m.aterials.  There¬ 
fore,  a  power  supply  could  be  designed  (weighing  alxiut  2  to  3  watts/ lb) 
witliout  presenting  ton  difficult  a  radiation  shielding  problem. 

If,  in  the  final  engineering  of  this  guidance  system,  the  recommended 
solar  cell  system  is  used,  only  a  nomin.al  time  of  18  months  (Fig.  VII-l) 
will  be  required  to  select,  procure  and  test  the  proper  cells.  On  the 
other  hand,  if  the  isotopic  (lower  system  is  used,  then  a  lead  time  of 
approximately  24  months  would  be  considered  necessary. 


E.  ATTITUDE  CONTROL  SYSTEM 

The  pulse-moduiated  attitude  control  system  recommended  in  this 
report  is  an  extension  of  many  years  of  missile  and  space  vehicle 
autopilot  development  work  at  The  Martin  Company.  Hardware  work 
is  alt  cady  under  way  on  the  electronic  components  which  can  be  used 
in  this  system;  therefore,  the  major  problems  in  the  control  system 
are  easily  spotlighted. 
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The  foremost  of  these  problems  is  high  tellabiUty  and  closely 
related  is  minimization  of  the  fuel  required  to  execute  the  commands 
of  the  various  sensors. 

The  attack  of  the  reliability  problem  requires  a  two-pronged 
engineering  effort.  detailed  system  stability  analysis  should  be 
undertaken  to  minimize  the  number  of  operations  of  the  control  system. 
It  is  hoped  that  this  can  be  accomplished  by  operating  the  attitude 
control  system  only  during  the  period  Just  prior  to  and  during  the 
taking  of. the  altltude.measurements  rather  than  attempting  to  operate 
continuously  for  the  1 -year  mission. 

Secondly,  the  effect  of  our  concept  ui  oesigning  a  fuel  system  to  be 
Used  as  a  hypergullc  bipropcllant  system  for  orbital  corrections  and 
also  as  a  ;nunopropeilant  catalytic  system  for  attitude  controls  should 
be  Investigated  both  analytically  and  experimentally. 

A  4-  to  a- month  analysis  program  is  required  for  the  system 
analysis  work  described  above,  and  the  design  and  test  work  necessary 
to  evaluate  the  thrust-producing  system  will  probably  span  »  to  12 
months.  The  hulk  of  thl.s  period  ts  required  to  experimentally  evaluate 
the  performance  of  presently  available  nozzles  In  surh  a  system  and 
incorporate  posslole  changes.  This  phase  of  the  program  may  uncover 
unforeseen  problems  since,  by  way  of  comparison,  we  are  talking  of 
a  system  which  will  be  called  on  for  upward  of  800  vacuum  starts  and, 
in  today's  state  of  the  art,  the  only  available  restartable  engine  is 
designed  for  two  altitude  starts.  Therefore,  this  development  plan 
includes  an  allowance  of  18  months  to  fully  develop  and  build  the  proto¬ 
type  attitude  control  system. 
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VIU.  MISSION  ANALYSIS 


Previous  sections  of  this  report  have  shown  that  a  hypothetical 
mission  of  one  year,  for  the  type  of  cuiitance  and  control  systetii  heint; 
considered,  would  be  difficult  to  achieve,  largely  due  to  problcma  of  a 
reliability  nature.  It  is  apparent,  however,  that  thl.t  system  could  be 
utilized  to  great  advantage  on  other  missions.  Consider  a  manned 
satellite  system  in  which  th*  ultimate  objective  may  be  to;  (a)  recover 
the  man  from  orlnt,  (■>)  recover  reconnaissance  data  (such  as  exposed 
film)  from  orbit  and  <c)  conduct  laimliurdment  from  an  orbilal  poaiiiun. 
A  central  problem  in  all  ol  these  missions  is  the  maintaiiii; o'  very 
accurate  orbital  exit  conditions.  In  particular,  the  attitude  control 
problems  at  the  time  of  exit  from  orbit  are  severe.  Figures  Vlll-I 
through  VIIl'P,  taken  from  work  previously  completed  under  this  con* 
tract  (Ilef.  Vtll-t).  illustrate  the  errors  incurred  on  an  orbital  exit 
maneuver  to  300,(100  ft  as  a  result  of  errors  in  attitude,  velocity  Hind 
altitude  at  the  time  of  orliit  exit.  Attitude  errors  at  the  tune  of  exit 
from  orbit  are  seen  to  be  a  potential  source  of  large  dispersions  in 
impact  range. 

The  error  coefficients  shown  apply  oniy  to  deorblt  flight  paths 
resulting  in  very  small  re*entr;’  flight  path  angles.  Relatively  small 
re-entry  flight  path  angles  are  compatible  with  the  requirements  fur 
reasonable  values  of  heating  and  g  loading  of  a  lyidcal,  manned,  re¬ 
entry  vehicle. 

The  definitions  and  symbols  used  in  Figs.  VTII-I  through  Vlll-U, 
Errors  in  Re-entry  Parameters,  are  as  follows: 


All  orbital  departures  • 
Thrust-to-weight  ratio  • 


assumed  to  start  from  circular 
orbit  and  0*  flight  path  angle 

constant  *  0,5 

300  sec 


A  V  •  retrorocket  thrust,  contained  In 

orbital  plane  and  rotated  clockwise 
with  respect  to  velocity  vector  ov 
180*  (I  •  18ir) 


h|  *  initial  altitude 


V|  *  initial  velocity 
S  •  retrorocket  mass  ratio. 
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FI:;.  V!U-S.  Errors  In  RfEntry  Parsmclors  duo  to  •  l-dt(  Error  in  Initinl 
ril«ht  P»t!i  Ai«lc  Oi,  •  100  sUt  ml,  «  •  1M».  T/W.  •  0.5,  I  . 
300  Me.  Vj  •  Vg)  ’’ 
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Fig.  V!ll-8.  Errom  In  Re-Entry  Paremeteri  due  to  e  1-deg  ICrror  in  Initial 
Filfht  Path  Ai«le  (h,  •  400  itat  mi,  4  •  ISO*.  T/W.  •  0. 5,  I  ■ 
SOOeec,  V,  •  V.,) 
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A  completely  belf*comamecl'|*ui«laiice  ami  control  system  offers 
numcrpiis  ucivantaKCs  in  tnissioti;:  wf-tite  type  (u),  (i>)  and  (o)  men* 
tioned  previously.  With  mannoa  supervision  of  the  system  uvailuiilc* 

It  should  he  possiiile  to  greatly  improve  the  iiverall  system  rehatnhty 
because  of  the  following* 

(!)  lleliahility  comndorattoiia  for  tnose  sui)systems  which  must 
be  contmuounly  useti  iti  the  uiimunned,  uii'omatic  system  are 
greatly  modified.  Continuous  tracking  of  certain  stars,  fur 
example,  \V'*u!'J  not  !:-•  r.ectv.sary,  ihcrte  tuiiici  j»iai  {> 

could  be  .u'quired  at  any  time  itie\  are  needed. 

12)  The  useful  life  of  these  systiMiis  which  mtisi  remain  on 
during  the  entire  mission  can  he  greatly  extended  hy  the 
application  of  very  simple  eon<*ejits  id  '’preventive"  main¬ 
tenance  (Kef.  VlU-2). 


The  solf*contamc<i  guidance  and  control  system  error  analysis 
presented  earlier  imhcatcs  that  more  precise  control  ot  orliital  exit 
«'ondit;unH  is  possible  for  type  (a),  (h)  ami  (c)  missions.  In  parttciilur, 
the  direction  of  the  local  vertical  could  be  cstuhlislied  with  more  pre¬ 
cision  than  is  presently  possible  using  mfruretl  techniques  to  estab¬ 
lish  this  ditection.  The  geometry  of  the  problem  is  shown  in  Kig. 
Vlll-lo  lor  a  simple  two-dimensional  case  ami  at  some  projected  in¬ 
stant  of  ii'ne  <if  <leparture  from  the  orbit,  Prior  to  this  time,  the 
or.Jital  elements  have  been  computed  so  that  the  radius  vector  direction 
angles  cun  be  established  with  respect  to  the  orthog/mnl  inertial  ro* 
orxiinatc  system.  Ilefcrring  to  Fig,  VlIl-lO: 

(1)  The  0  I  is  known  iii  advance  and  is  e(|ual  to  the  angle 

between  the  e(|uatorial  plane  and  tne  star  line  of  position. 

The  value  of  0  ^  is  available  from  a  star  catalog, 

(2)  The  o.j  and  can  lie  predicMetl  in  advance  to  an  ac¬ 
curacy  which  de|>ends  on  Tuture  [)re<licted  position  accuracy 
(i.e,,  ^  b).  If  the  predicted  po>ition  error  is,  for  example, 

2  limit  ini.  then  ^  b  la  rad  for  an  orbit  altitude 

of  .*i00  naut  ini.  Therefore  0.^,  .md  0^  niay  be  predicted 

quite  aecurately.  The  flight  path  angle,  o,  will  he  small  if 
the  orbit  IS  near  eireiilar.  The  maximum  value  of  o-  oceurs 
between  apogee  and  perigee  at  the  po.sition  shown  in  Fig. 
Vtll-ll,  Maximum  flight  path  angle  as  a  funetion  of  orbit 
eccentrieity  is  also  shown. 


KH  11047 


tual  predicted  - 
position 


vra-12 


Fig.  VIII-IO.  Prediction  of  Direction  of  the  Vertical 
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Fig.  VIII-II.  Fllgh!  Path  Angle  Reintions 
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To  summarise,  ihen,  a  t>'}>u‘al  luisHion.mtght  be  executed  astfol* 
lows: 

(1)  The  orbital  elements  have  l>een  computed  and. some  future 
time'  been  established  as  the  time  to  depart  from  the 
coinpited  orbit.  The  departure  is  for  the  purpose  of  rbh*- 
dev.vous  with  some  preselected  impact  point. at  the  300.000 
ft  altitude  level.  The  location  of  this  point  determines  the 
time  of' exit' from  orbit,  hence,  in  t*encral,  the  departure  will 
not  occur  at  apoitce  or  periitee  (o  *  o*  at  apogee  and  porijjee). 
’Hie  value  of  oat  orbital  exit. is. civen. by¬ 


tan  a  »  -± 


€*  sin  6 
1  -  Ocos  6 


where 


e  «  orbit  occentrioity 

6  *  angular  distance  from  apoj'cc  at 
the  time  of  exit 

t  •  clockwise  or  counteroloekwlse  motion, 
respectively 


(2)  If  prior  orbital  mnneiiverini*  ha^  resulted  in  a  near  circular 
orbit,  then  u  is  ver.v  small.  For  un  apo|>ce  and  periitcc 
differeiice  of  50  naut  mi,  for  example,  the  eccentricity  is 
Uiven  by; 


earth  center  at  apogee. 


earth  center  ut  perigee. 


(3)  The  vehicle.iK  rotated  in  the.  pitch  plane  so  that  the  pitch 
axis  and  the  local  horizon  <Kig.  V1II*]0)  are  collncar  at  the 
tinie  orhital  exit  is  to  be  initiated.  In  addition,  and  prior  t<» 


e  •  -  0.08M 


whei  e 


A  *  radial  distance  frojn 
naut  mi 

V  8  radial  distonce'from 
e.g..  3011  naut  mi. 
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initicition  of  orbital  exit,  a  radial  thrust  adjusts  the 
\olocity  vector  (from  kiio*Arled{;c  of  the  predicted  flight  path 
aniilc  at  orbital  exit)  so  that  the  vel<icity  vector  is  alonfi  the^ 
local  hori?.<uital  at  the  time  the  rctrorockcl  !a  fired  (i.c., 
the  volocitv'at  the  point  of  exit  from  orbit  is  adjusted  for  the 
characteristic  velocity  of  a  circular  orhit  at  the  orbital  exit 
aitituilc).  Let  V(U*t2  represent  the  position  of  tlic  vehicle 
sometime  after  the  star  line  of  positioa  has  been  acquired. 

As  in  the  prcvious  considerations,  0  ^  is  known  .from  the  star 

catalojt  and  o  and  6^  can  l>o  predicted/with  a  preciuioti  of  a 

few  liundrcdths  of  a  aecond  of  arc.  As  >howr.  ;n'Ki|;.  Vlli* 

12,  the  aujjle  can  als<»  be''predicted  with  this  same  pre¬ 
cision.  With  respect  to  Che  inertial  reference  frame,  tl:e 
fli;;iht-pa*.h-'amtle.  can.be  expressed  as 

„  -1  Z  .  VT.y»>«  o  ■•<’«  Oq 
'''*  y  '  V.|.  sm  o  .sin  6|. 


tan  a  *  c<»i  q  cotO 
and 

1  /  > 

tan  a  *  (cot  0^)  . 


To  first  onler  the  error  m  due  to  error  In  6^,  is  then 
jjiveii  by  * 


.  cos*"  o 

a  X  «» 

•I  (<■..!  „)■'- 

and  for  a  near  circular  orbit  (t.e.,  small  a ),  this  error  is 
quite  Aiiitlll. 


This  brief  analysis  has  shown  that  :!  is  possible  to  aliKn  the  vehicle 
pitch  axis  and  the  velocity  vector  to  the  local  lioriiiontal  with  con¬ 
siderable  precision  in  preparation  for  an  orbital  exit  maneuver.  It  is 
to  be  understood,  however,  that  such  orbital  exit  conditions  arc  not 
optimum  from  an  accuracy  viewpoint.  The  reader  is  referred  to  earlier 
work  coniploted  (Kef.  VIll-l)  under  this  contract  for  a  thorough  treat¬ 
ment  of  this  problem. 
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FI;;.  vni“l2.  FHijht  Path  An;;U‘ C9mpu»atiori  Geometry 
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i.'i.  CONCLUSIONS  AND  hECOMMENCATiONS 


The  finainiiS  (>('thi!>  final  report  indicate  that  it  is  feasible  to  Impleinent 
the  deiiign  of  a  completely  self-contained  guidance  and  control  system 
using  state-of-the-art  hardware.  The  accur.icy  of  such  a  system  would 
bo  such  as  to  permit  predicting  future  position  of  the  vehicle  to  approxi¬ 
mately  1  naiit  ml  neglecting  perturbations  on  the  orbit  due  to  earth  model 
effects.  The  reliability  of  the  system  has  been  found  unacceptable  (with 
-reference  to  a  one -year  hyjiothetical  mission  in  which  system  operation 
is  completely  automulicl,  and  it  is  concluded  that  the  hypothetical  mission 
and  the  system  arc  incompatible  (however,  the  system  can  be  used  to 
adyiuitage  on  sliei  nste  missions). 

It  IS  recommended  that  the  present  effort  be  amended  to  include  a 
detailed  study  of  the  following: 

(1)  Application  u  the  self-contained  guidance  and  control  system 
to  manned,  earth  satellite  weapon  systems  currently  in  the 

h4I)  phase  of  Air  Korce  development.  It  is  expected  that  manned 
supervision  of  the  system  will  greatly  enhance  overall  system 
operation. 

(2)  Hrototype  development  of  actual  hardware,  consistent  in  time 
with  current  Il41)  programs  in  the  Air  horcc,  should  be  ini¬ 
tiated  as  early  as  possible. 

(2)  The  mathemrtical  moiW  ossd  to  eviduaie  ihe  system  .'tccuracy 
should  be  modified  to  include: 

(a)  A  more  accurate  earth  model, 

<b>  The  statistical  implications  of  atmospheric  anomalies, 

U  ith  reference  to  (1)  above  and  Section  Vlll  concerning  mission  anal¬ 
ysis,  It  appears  that  the  .sy.stem  would  have  an  important  application  in 
orbital  exit  missions.  Pi  wise  attitude  coiilioi  at  the  time  of  exit  from 
orbit,  for  example,  will  have  important  applications  in  manned  space 
flight  in  the  years  to  come.  It  is  recommended  that  this  system  be  ex¬ 
plored  fur  possible  application  on  such  missions  as  early  as  possible. 
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